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ABSTRACT OF THESIS
MONOCYTE ABUNDANCE AND WHITE BLOOD CELL EXPRESSION OF
PROLACTIN AND NF-KB PATHWAY GENES IN BEEF STEERS ARE ALTERED
BY GRAZING TOXIC ENDOPHYTE-INFECTED TALL FESCUE AND
LIPOPOLYSACCHARIDE CHALLENGE
Experiment 1 tested the hypothesis that ad libitum consumption of a 1:1 blend
(MIX) of sodium selenite (ISe) and SELPLEX vs solely ISe as selenium (Se)
supplements (27 ppm) in a vitamin-mineral mix (V-M) by steers subjected to summerlong grazing of toxic endophyte-infected tall fescue (TE) would ameliorate the negative
effects of TE by positively affecting the expression pattern of prolactin (PRL) and NF-kB
pathway genes by circulating leukocytes (WBC). Experiment 2 tested the hypothesis that
the MIX form of supplemental Se also would ameliorate the negative effects of in vitro
blood lipopolysaccharide challenge (LPS) on WBC gene expression. The MIX form of
Se increased whole blood Se, serum PRL, and red blood cell concentrations; decreased
monocyte abundance; but did not affect WBC gene expression in either pathway or
experiment. However, Experiment 1 revealed that TE consumption altered expression of
5 PRL pathway genes, and 7 NF-kB genes, suggesting a reduced adaptive immune
response in cattle consuming TE. Experiment 2 found that LPS challenge differentially
affected expression of WBC PRL receptor (PRLR) isoforms, and altered expression of 4
PRL, and 4 NF-kB pathway genes, indicating an increased inflammatory response in
cattle consuming TE with exposure to LPS.

KEYWORDS: Bovine, Fescue Toxicosis, White Blood Cells, Gene Expression,
Prolactin, NFkB

Cecilia Jeanne Winfrey
(Name of Student)
09/20/2021
Date

MONOCYTE ABUNDANCE AND WHITE BLOOD CELL EXPRESSION OF
PROLACTIN AND NF-KB PATHWAY GENES IN BEEF STEERS ARE ALTERED
BY GRAZING TOXIC ENDOPHYTE-INFECTED TALL FESCUE AND
LIPOPOLYSACCHARIDE CHALLENGE

By
Cecilia Jeanne Winfrey

Dr. James C. Matthews
Director of Thesis
Dr. David L. Harmon
Director of Graduate Studies
09/20/2021
Date

ACKNOWLEDGMENTS

Throughout the writing of this thesis, I have received a great deal of support and
assistance. I would first like to thank my advisor, Dr. James C. Matthews, whose expertise
was

invaluable in formulating my thesis topic. Your insightful feedback and

encouragement allowed me to develop proper talks and writing throughout my journey.
Next, I would like to extend my gratitude to Dr. Philip J. Bridges and Dr. James L. Klotz
for serving on my advisory committee. I am grateful for each individuals input and
valuable insights for the completion of my thesis
I would like to acknowledge the members of my lab for their support and
collaboration on ideas. Specifically, Yang Jia for assisting me with research protocols and
teaching me new lab techniques. Additionally, Kwangwon Son, Hugo Hamilton, and
Susan Hayes for their technical and instrumental support on laboratory assays and sample
analysis.
Next, I would like to thank Blair Knight and the crew in UKREC, Princeton for
their innumerable support and management of the beef steers used in this thesis. My
gratitude is also extended to my friends who have helped me throughout this journey,
including those from the graduate program.
Lastly, I am always thankful for my parents and family for their unconditional
support and love for me. They have always encouraged me to be successful and further
my education. The success of my graduate career would not have been possible without
the positive encouragement from my friends and family along the way.

iii

TABLE OF CONTENTS
ACKNOWLEDGMENTS ............................................................................................... iii
LIST OF TABLES .......................................................................................................... vii
LIST OF FIGURES ....................................................................................................... viii
INTRODUCTION..................................................................................... 1
LITERATURE REVIEW ........................................................................ 3
2.1
Tall Fescue .......................................................................................................... 3
2.1.1 Introduction ..................................................................................................... 3
2.1.2 Fescue Toxicosis ............................................................................................. 4
2.1.3 Immune Response ........................................................................................... 5
2.2
Immune System.................................................................................................... 6
2.2.1 Overview ......................................................................................................... 6
2.2.2 Innate Immunity .............................................................................................. 6
2.2.3 Adaptive Immunity ......................................................................................... 7
2.2.3.1 Passive Immunity .................................................................................... 8
2.2.3.2 Active Immunity ...................................................................................... 8
2.2.4 White Blood Cell Types.................................................................................. 9
2.2.5 Granulocytes ................................................................................................. 10
2.2.5.1 Neutrophils ............................................................................................ 10
2.2.5.2 Basophils ............................................................................................... 12
2.2.5.3 Eosinophils ............................................................................................ 12
2.2.6 Agranulocytes ............................................................................................... 13
2.2.6.1 Monocytes ............................................................................................. 13
2.2.6.2 Lymphocytes .......................................................................................... 15
2.2.7 Age-Dependent Immunity ............................................................................ 16
2.2.8 Toll-like Receptors........................................................................................ 18
2.3
Lipopolysaccharide-stimulated immune responses .......................................... 18
2.3.1 Ex vivo LPS challenge model ....................................................................... 19
2.4
Selenium Supplementation in Cattle ................................................................. 20
2.4.1 Overview ....................................................................................................... 20
2.4.2 Immune Function .......................................................................................... 21
2.4.3 Nutritional Sources of Se .............................................................................. 22
2.4.4 Biosynthesis of Seleno-Amino acids ............................................................ 24
2.4.5 Consumption and absorption ........................................................................ 25
2.4.6 Effects of supplementation on cattle ............................................................. 26
2.4.6.1 Blood and tissue assimilation ............................................................... 27
2.5
Prolactin ........................................................................................................... 27
2.5.1 Introduction ................................................................................................... 27
2.5.2 Receptor and Isoforms .................................................................................. 28
iv

2.5.2.1 Receptor ................................................................................................ 28
2.5.2.2 Isoforms................................................................................................. 29
2.5.3 Prolactin function and immune system ......................................................... 29
2.5.4 Prolactin-receptor and fescue toxicosis ........................................................ 30
2.6
Nuclear Factor-Kappa Beta (NF-kB) ............................................................... 31
2.6.1 Introduction ................................................................................................... 31
2.6.2 Canonical NF-kB pathway ............................................................................ 32
2.6.3 NF-kB and the immune system .................................................................... 32
THESIS GOAL/HYPOTHESIS ............................................................ 44
MONOCYTE ABUNDANCE AND WHITE BLOOD CELL
EXPRESSION OF PROLACTIN AND NF-kB PATHWAY GENES IN BEEF
STEERS ARE ALTERED BY GRAZING TOXIC ENDOPHYTE-INFECTED
TALL FESCUE AND LIPOPOLYSACCHARIDE CHALLENGE .......................... 45
4.1

Introduction....................................................................................................... 45

4.2
Materials and Methods ..................................................................................... 46
4.2.1 Experimental Model ...................................................................................... 47
4.2.2 Forage Analysis ............................................................................................ 48
4.2.3 Blood Collection and Analyses ..................................................................... 48
4.2.4 Real-Time RT-PCR analysis ......................................................................... 50
4.2.5 Statistical Analysis ........................................................................................ 52
4.3
Results ............................................................................................................... 53
4.3.1 Nutrient and Ergot Alkaloid Profiles of Paddock Forage ............................ 53
4.3.2 Whole Blood Se and Serum Prolactin concentrations .................................. 53
4.3.3 Blood Cell Types and Parameters ................................................................ 54
4.3.4 WBC Gene Expression .................................................................................. 54
4.3.4.1 Experiment 1 ......................................................................................... 55
4.3.4.2 Experiment 2 ......................................................................................... 56
4.4
Discussion ......................................................................................................... 56
4.4.1 Animal Model ................................................................................................ 56
4.4.2 MIX form of Se supplementation resulted in greater whole blood Se than ISe
58
4.4.3 Serum prolactin concentrations .................................................................... 58
4.4.4 Circulating Monocyte Abundance Was Decreased by Ergot Alkaloid
Consumption ............................................................................................................. 60
4.4.5 Experiment 1 ................................................................................................. 61
4.4.5.1 Se form effect on WBC gene expression .............................................. 61
4.4.5.2 Consumption of TE forage effect on WBC gene expression ................ 62
4.4.5.2.1 Prolactin pathway ..............................................................................................62
4.4.5.2.2 NF-kB pathway ..................................................................................................64
4.4.6 Experiment 2 ................................................................................................. 68
4.4.6.1 Se form effect on WBC gene expression after in vitro LPS challenge . 68

v

4.4.6.2 Consumption of TE forage effects on WBC gene expression after in
vitro LPS challenge ............................................................................................... 69
4.4.6.2.1 Prolactin pathway ..............................................................................................69
4.4.6.2.2 NF-kB Pathway..................................................................................................71
4.5

Summary ........................................................................................................... 73

4.6

Future Research ................................................................................................ 74

APPENDICES ............................................................................................................... 102
4.7

APPENDIX 1. PROC GLM SAS CODE ......................................................... 102

4.8

APPENDIX 2. PROC MIXED SAS CODE ..................................................... 104

4.9

APPENDIX 3. PROC GLIMMIX SAS CODE ................................................. 106

REFERENCES .............................................................................................................. 110
VITA

129

vi

LIST OF TABLES
Table 4.3.4. Primer sets used for quantitative real-time RT-PCR analysis of the selected
target genes in the Prolactin and NF-kB pathway. ........................................................... 76
Table 4.4.1. Proximate, mineral, and alkaloid analysis of composited endophyte-infected
tall fescue paddock samples (DM basis) grazed by steers with ad libitum access to freechoice vitamin-mineral mixes containing either inorganic (ISe) or a 1:1 blend of ISe and
organic (MIX) forms of Se1 .............................................................................................. 80
Table 4.4.2. Whole blood selenium and serum prolactin concentrations of steers grazing
endophyte-infected tall fescue and with ad libitum access to free-choice vitamin-mineral
mixes containing either inorganic (ISe) or a 1:1 blend of ISe and organic (MIX) forms of
selenium1 ........................................................................................................................... 81
Table 4.4.3. Blood cell types and parameters of steers grazing endophyte-infected tall
fescue and with ad libitum access to free-choice vitamin-mineral mixes containing either
inorganic (ISe) or a 1:1 blend of ISe and organic (MIX) forms of selenium1 .................. 82
Table 4.4.4a. Analysis of genes in the prolactin pathway in Experiment 11 ................... 83
Table 4.4.4b. Analysis of genes in the NF-kB pathway in Experiment 11 ...................... 84
Table 4.4.4c. Analysis of genes in the prolactin pathway in Experiment 21 .................... 85
Table 4.4.4d. Analysis of genes in the NF-kB pathway in Experiment 21 ...................... 86

vii

LIST OF FIGURES
Figure 2.1.1 Chemical structures of selected ergopeptine alkaloids ................................ 34
Figure 2.2.1 Integrated human immune system1.............................................................. 35
Figure 2.2.4a Whole blood composition1 ........................................................................ 36
Figure 2.2.4b White blood cell taxonomy1 ...................................................................... 37
Figure 2.2.5.1 Antimicrobial mechanisms of neutrophils1 .............................................. 38
Figure 2.2.6.1 Macrophage heterogeneity during inflammation1 .................................... 39
Figure 2.2.7 Development of the immune response in calves from conception to puberty
........................................................................................................................................... 40
Figure 2.4.3 Inorganic and Organic forms of selenium1 .................................................. 41
Figure 2.4.4 Illustrated representation of the translation mechanism for the synthesis of
selenoproteins1 .................................................................................................................. 42
Figure 2.6.2 Schematic illustration of NF-kB in inflammation1 ...................................... 43
Figure 4.3.1 Flow chart of experimental regimen and steer assignment ......................... 87
Figure 4.5.5a Prolactin pathway overview1 ..................................................................... 88
Figure 4.5.5b Prolactin pathway with selected genes1..................................................... 89
Figure 4.5.5c NF-kB pathway overview1......................................................................... 90
Figure 4.5.5d NF-kB pathway with selected genes1 ........................................................ 91
Figure 4.5.5f NF-kB pathway gene expression Experiment 1 1....................................... 93
Figure 4.5.6a Prolactin pathway gene expression Experiment 21.................................... 94
Figure 4.5.6b NF-kB pathway gene expression Experiment 21 ....................................... 95
Figure 4.3.4a Sequences of the real-time RT-PCR products (5’-3’ orientation) of the
target genes in the prolactin pathway. Within a sequence, underlined nucleotides indicate
the forward and reverse primer positions, respectively. ................................................... 96
Figure 4.3.4b Sequences of the real-time RT-PCR products (5’-3’ orientation) of the
target genes in the NF-kB pathway. Within a sequence, underlined nucleotides indicate
the forward and reverse primer positions, respectively. ................................................... 98
Figure 4.3.4c Sequences of the real-time RT-PCR products (5’-3’ orientation) of the
candidate calibration genes. Within a sequence, underlined nucleotides indicate the
forward and reverse primer positions, respectively. ....................................................... 100

viii

INTRODUCTION
Most tall fescue (Lolium arundinaceum) pasture commonly used in livestock
grazing systems in the eastern half of the United States is infected with an endophytic
fungus (Epichloë coenophiala) (Leuchtmann et al., 2014) . The beneficial qualities of tall
fescue are directly related to the ergot alkaloids produced by the fungus Neotyphodium
coenophialum (Siegel and Bush, 1997). Commonly, consumption of ergot alkaloidinfected tall fescue impairs several vascular, metabolic, growth, and reproductive processes
in cattle, producing a clinical condition known as “fescue toxicosis” (Strickland et al.,
2011). There are over 7.7 million beef cattle grazing endophyte-infected tall fescue pasture
(Bussard and Aiken, 2012). The economic loss attributed to fescue toxicosis exceeds one
billion dollars per year in the United States (Strickland et al., 2009). A reduction in serum
prolactin is a recognized marker of fescue toxicosis (Goetsch et al., 1987; Davenport et al.,
1993). Studies have suggested that cattle suffering from fescue toxicosis are more
susceptible to disease during transit and in feedlots due to a suppressed immune response.
Exposure to ergot alkaloid increases pro-inflammatory cytokine secretion (Filipov et al.,
1999a); a recent study (Poole et al., 2019) showed chronic exposure to ergot alkaloids led
to increased concentrations of pro-inflammatory cytokines that act to mediate innate
immunity.
Aside from fescue toxicosis, another challenge many southeastern United States
cattle producers face is selenium (Se) deficiency. Soils in this region are Se-poor, and result
in Se-deficient forages requiring the need for supplemental Se (Dargatz and Ross, 1996a).
The most common form of Se supplemented in cattle diets is inorganic Se (ISe, sodium
selenite), and organic forms of Se (OSe) derived from specially cultivated Saccharomyces
1

cerevisiae are also available and approved for use in beef cattle. Expression of several
genes found to be downregulated in the liver (Liao et al., 2015) of steers grazing high vs.
low toxic endophyte-infected forages and consuming ad libitum amounts of vitaminmineral mixes (VM) containing 35ppm ISe, were upregulated in slow-maturing heifers
consuming 3 mg/d Se as a 1:1 blend of ISe:OSe (MIX) vs. ISe (Matthews and Bridges,
2014; Matthews et al., 2014). Additionally, it was determined that steers subjected to
summer-long grazing of endophyte-infected pasture and supplemented (3mg/day) as the
MIX form had greater serum prolactin concentrations than those consuming the ISe form
of supplemental Se (Jia et al., 2018). Se has been shown to impact immune function
(Rayman, 2000), and enhance both humoral and cellular immune responses (Reddy and
Massaro, 1983). Additionally, in the murine adaptive immune system it was shown that Se
played a role in the formation and activity of helper T, cytotoxic T, and natural killer (NK)
cells.
Decades of research has characterized the symptoms and physiological effects of
fescue toxicosis. However, one area that lacks information is the effect of ergot alkaloids
on beef cattle immune response. In addition to our knowledge, studies regarding the effects
of forms of Se on immune expression in bovine white blood cells (WBC) have not been
reported.

2

LITERATURE REVIEW

2.1
2.1.1

Tall Fescue
Introduction

Tall fescue (Lolium arundinaceum) is a cool season perennial grass, most widely
used in the southeastern United States (Steen et al., 1979; Pendlum et al., 1980). Tall
fescue mainly originated in Western Europe (Hoveland, 2009), and has been dispersed
and cultivated in Australia, Eastern Asia, North and South America, South Africa, and
New Zealand (Hannaway et al., 2009). The extensive planting of tall fescue did not occur
until the two cultivators Alta and Kentucky 31 were released in the early 1940’s
(Hoveland, 2009). Kentucky-31 is an ecotype that was found growing in a steep
mountain pasture in Eastern Kentucky, and is now the most common cultivator
(Hoveland, 1993a). Tall fescue covers an estimated 35 million acres of livestock pasture,
hay fields and roadways (Ball et al., 2007). Tall fescue is widely utilized due to its ease of
establishment, range of adaptation, extended grazing season, resistance to pests, tolerance
to poor management (Stuedemann and Hoveland, 1988), and is the most heat tolerant of
cool season grasses (Ball et al., 1991). Previously, according to Hoveland (1993b), 8.5
million cattle and 688,000 thousand horses grazed on tall fescue pastures, whereas it is
currently estimated by Bussard and Aiken (2012) that 7.7 million beef cattle are
maintained on tall fescue, comprising nearly 26% of the total US beef cattle population.
The beneficial qualities of tall fescue are a direct result of a symbiotic relationship
with the fungus Neotyphodium coenophialum (Siegel and Bush, 1997). The fungus
produces ergot alkaloids which are beneficial to tall fescue, but harmful to animals
3

consuming N. coenophialum infected tall fescue inducing a toxicity syndrome known as
“fescue toxicosis” (Strickland et al., 2009). The predominant ergot alkaloid is ergovaline,
accounting for 80-97% of the ergot alkaloids produced by the fungus (Arnold et al.,
2014), and is recognized as responsible for fescue toxicosis (Guerre, 2015). However
there are a variety of alkaloids produced that contribute to ergot alkaloid-induced fescue
toxicosis including ergotamine, ergonovine (Guerre, 2015), and ergovalinine (Aiken and
Flythe, 2014) (Figure 2.1).

2.1.2

Fescue Toxicosis

Fescue toxicosis is the collective term used to describe a set of biochemical
syndromes that affect cattle, horses, and sheep consuming infected tall fescue (Cheeke,
1995). Commonly, consumption of tall fescue causes three syndromes in cattle: fescue
foot, fat necrosis, and summer slump. Fescue foot was first described in New Zealand by
(Cunningham, 1949) and occurs more commonly in winter weather/colder temperatures
(Bush and Buckner, 1973). Fescue foot, similar to foot rot causes cattle to limp, and can
lead to gangrene. Typically, fescue foot occurs in rear feet (Thompson and Stuedemann,
1993). Fat necrosis is characterized by formation of necrotic fat that constricts internal
organs, with no external signs (Strickland et al., 2009). Summer slump the costliest to
producers and is commonly referred to as fescue toxicosis (Schmidt and Osborn, 1993).
During the hot summer months, ergot alkaloids cause a constrictive effect on blood
vessels leading to the reduced ability to lower body temperature. Clinical signs of fescue
toxicosis include rough hair coats during warm weather, elevated core temperatures,
labored respiration, and decreased serum concentrations of prolactin (Schmidt and
4

Osborn, 1993; Strickland et al., 1993; Strickland et al., 2009). Reduction of serum
prolactin is recognized as the most consistent physiological hallmark of fescue toxicosis
(Goetsch et al., 1987; Davenport et al., 1993). Fescue toxicosis is estimated to result in an
annual economic loss in the United states of greater than $1 billion dollars (Strickland et
al., 2009).

2.1.3

Immune Response

The symptoms and physiological effects of fescue toxicosis have been researched
for decades, however, one area that lacks information is the effect of ergot alkaloid
consumption on immune responses. It has been suggested that cattle suffering from
fescue toxicosis are more susceptible to disease during transit and in feedlots due to a
suppressed immune system. Exposure to ergot alkaloid toxins increases pro-inflammatory
cytokine secretion (Filipov et al., 1999a). To combat the increase in pro-inflammatory
cytokines, it has been shown that increasing dietary protein can decrease proinflammatory cytokine response to endotoxins in beef heifers (Kahl et al., 1997), and
improve the humoral immune response in steers during the preconditioning phase (Moriel
et al., 2015). A recent study showed that chronic exposure to ergovaline increased
concentrations of pro-inflammatory cytokines such as TNF-a, IFN-a, IFN-g, and IL-1-F1
(Poole et al., 2019). These cytokines primarily act to mediate innate immunity (fever
response) to combat an infection and stimulate chemokine production triggering the
recruitment of leukocytes to the infection site (Graves and Jiang, 1995a). The most recent
study by Poole et al. (2019), indicates that further research is needed to determine the
specific mechanisms of action of ergovaline on the immune system.
5

2.2
2.2.1

Immune System
Overview
The primary function of the immune system is to protect its host from foreign

antagonists like microbes, viruses, and toxins. The immune system is very complex, but
can be simplified into two lines of defense: the innate (non-adaptive), and adaptive
immune systems (Warrington et al., 2011). The innate and adaptive immune systems are
not mutually exclusive but are complementary in action when safeguarding the host.
Adaptive immunity can be obtained by two principal methods: passive or active
immunization. The most common form of passive immunization is via maternal passive
immunity, whereas active immunization occurs post-exposure to a pathogen, with the
most common example being vaccinations (Warrington et al., 2011). The organization of
the human immune system is shown in Figure 2.2.1 (Turvey and Broide, 2010).

2.2.2

Innate Immunity
Innate immunity represents the first line of defense to an intruding pathogen. It is

an antigen-independent or non-specific defense mechanism that is used immediately or
within hours of encountering an antigen by the host (Warrington et al., 2011). There is no
immunological memory associated with innate immunity, therefore, it is incapable of
recognizing the same pathogen should the body be exposed to it in the future (Warrington
et al., 2011). The defining characteristic of the innate immune system is speed: within
minutes of pathogen exposure, the innate immune system starts producing a protective
inflammatory response (Turvey and Broide, 2010). Innate immunity plays a fundamental
role in activating the subsequent adaptive immune response (Turvey and Broide, 2010).
6

There are three broad strategies used by the innate immune system to recognize invading
microorganisms. The first relies on a limited range of germline-encoded receptors to
recognize the “microbial nonself”, which are conserved molecular structures that are
expressed by a large variety of microbes (Turvey and Broide, 2010). These receptors are
collectively known as pattern recognition receptors, and the microbial structures
recognized by the pattern recognition receptors are known as pathogen associated
molecular patterns (PAMPs) (Janeway, 1989). One of the receptor families in this first
category are the toll-like receptors (TLRs) which are discussed later in Section 2.3. The
second and third approach are not further discussed in this review, but briefly, the second
approach used is to detect immunologic danger in the form of damage-associated
molecular patterns (DAMPs) (Bianchi, 2007). The third strategy is to detect “missing
self” molecules expressed by normal healthy cells, but not by infected cells or microbes
(Turvey and Broide, 2010).

2.2.3

Adaptive Immunity
Adaptive immunity is antigen-dependent, and antigen-specific. Therefore, it

involves a lag time between exposure to the antigen and maximal response (Warrington
et al., 2011). The capacity for memory, which allows the host to mount a more rapid and
effective immune response upon successive exposure to the antigen, is the hallmark of
the adaptive immune system (Warrington et al., 2011). Adaptive immunity in mammals
is characterized by the two types of lymphocytes (T and B cells). T-cells are involved in
cell-mediated immune responses, whereas B cells are involved in humoral immune

7

responses. T and B lymphocytes are the main self-defensive weapons of the adaptive
immune system. Adaptive immunity relies on a clonal system, with each T and B cell
expressing its own unique receptor. After pathogen exposure, it can take up to 5 days for
clonal expansion of these rare antigen-specific T and B cells before the adaptive immune
response is sufficiently robust to remove the pathogen (Turvey and Broide, 2010). The
adaptive immune has two types: passive and active.

2.2.3.1 Passive Immunity

Passive immunity is acquired via colostrum which provides essential immunological
protection. In ruminants no immune factors are exchanged in utero, therefore colostrum
provides protection through a high immunoglobulin content (Larson et al., 1980).
Without these immunoglobulins, the newborn ruminant would not survive. However, the
concentration of immunoglobulins in colostrum, as well as gut permeability rapidly
decrease during the first 48 hours after birth (Bush and Staley, 1980; Moore et al., 2005)
making the timing of colostrum consumption critical.

2.2.3.2 Active Immunity

Active immunity is the process of exposing the body to an antigen to stimulate an
adaptive immune response (Baxter, 2007). Active immunity to a pathogen occurs
following exposure which is achieved naturally via wild-type exposure or through
vaccination (Grubbs and Kahwaji, 2018). Natural active immunity occurs when an
8

infection occurs via natural occurrences. After this initial infection B cells create
antibodies capable of binding the antigen. Artificial or vaccine-induced active immunity
occurs when resistance to a disease is built following immunization using a weakened or
dead form of an invasive organism to stimulate a host immune response (Strikas et al.,
2018).

2.2.4

White Blood Cell Types

White blood cells (WBC), commonly referred to as leukocytes, are involved in
protecting the body against foreign invaders and infectious disease. Most WBC are
produced and mature in the bone marrow. However, lymphocytes are produced and
mature in lymphoid tissues. Leukocytes are found throughout the body in the lymphatic
system and blood. Whole blood component break down is shown in Figure 2.2.4a
(Mescher, 2013). WBC are classified by structure (granulocytes or agranulocytes) or cell
lineage (myeloid cells or lymphoid cells). Eosinophils, basophils, and neutrophils
comprise the granulocytes, whereas monocytes and lymphocytes make up agranulocytes.
Myeloid cells are composed of granulocytes and monocytes (Kawamoto and Minato,
2004). The first cells recruited to local sites upon pathogen invasion are granulocytes,
providing immediate defense against infections in tissues (Kawamoto and Minato, 2004).
Lymphoid cells are composed of lymphocytes; developing into T cells, B cells, and
natural killer (NK) cells (Blom and Spits, 2006). The white blood cell differentiation is
shown in Figure 2.2.4b.

9

In cattle, the total number of leukocytes decrease with age (Dirksen, 2006). A
newborn calf has more granulocytes than lymphocytes (Jones and Allison, 2007; Wood
and Quiroz-Rocha, 2010). Within the first month, calves exhibit a decrease in overall
WBC numbers, followed by an increase thereafter (Mohri et al., 2007). Within three
months of life, lymphocytes comprise 80% of total circulating WBC population (Roland
et al., 2014). In adult cattle, the neutrophil to lymphocyte ratio is approximately 1:2
(Roland et al., 2014).

2.2.5

Granulocytes

2.2.5.1 Neutrophils
Neutrophils are a critical effector cell in humoral and innate immunity. They are
the body’s first line of defense against microorganisms (Burg and Pillinger, 2001).
Neutrophils are polymorphonuclear leukocytes produced daily by the bone marrow
(~1011 cells/day), and mainly reside in the peripheral vasculature (Chistiakov et al.,
2015). Neutrophils are the most abundant leukocyte and predominant phagocyte in
circulation, and are the first to arrive at the site of an infection (Lehrer et al., 1988).
Historically, there are three main antimicrobial functions recognized for
neutrophils: phagocytosis, degranulation, and the release of nuclear material in the form
of neutrophil extracellular traps (NETs) shown in Figure 2.2.5.1 (Rosales, 2018).
However, current research has indicated that neutrophils possess a diverse repertoire of
functional responses. Neutrophils are transcriptionally active complex cells (Ericson et
al., 2014) that contribute to inflammation resolution (Greenlee-Wacker, 2016), produce
cytokines and chemokines (Tecchio and Cassatella, 2016), regulate macrophages for
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long-term immune responses (Chen et al., 2014), and have a role in innate immunity
(Netea et al., 2016).
Phagocytosis is a complex process for the ingestion and elimination of pathogens
and apoptotic cells, and is fundamental for tissue homeostasis (Rosales and Uribe-Querol,
2017). In multicellular organisms, phagocytosis is located in phagocytes which include
many types of WBC such as neutrophils, monocytes, macrophages, dendritic cells, and
eosinophils (Rabinovitch, 1995). Phagocytosis is divided into four main steps: 1)
recognition of a target particle, 2) signaling to activate the internalization machinery, 3)
phagosome formation, and 4) phagolysosome maturation (Rosales and Uribe-Querol,
2017). Neutrophils are the most efficient of the phagocytes, a single neutrophil can engulf
up to 50 bacteria (Lim et al., 2017), often in just a few seconds (Segal et al., 1980)
Neutrophils constitute 40-60 % of total leukocyte population, existing in a resting
state to prevent damage to host tissues (Lehrer et al., 1988). Due to the fact that
neutrophils circulate, they first need to leave the bloodstream and trans-migrate across the
endothelium. This process is termed diapedesis and is required to reach the site of
infection (Lim et al., 2017). Chemoattractants are released from either the host or the
microorganism at the site of infection and guide the extravasation of neutrophils (Lim et
al., 2017). Thus, ensuring phagocytosis of the pathogen. Although neutrophils were
originally thought to survive up to 24 hr upon migration into tissue, they can remain
present in wound sites for up to 3 days (Selders et al., 2017). The presence of neutrophils
at the site of injury is amplified and sustained via neutrophil recruitment either by active
neutrophils, or the surrounding resident macrophages (Chistiakov et al., 2015). In

11

addition, neutrophils can be activated or signaled to migrate by microbial presence, or by
activation and recognition of TLRs (see Section 2.3).

2.2.5.2 Basophils

In normal ruminants, basophils are present in small numbers (~0.5-1%) and are
often missed on manual differential counts. Basophil levels may be higher in clinically
normal calves than in adults (Brun‐Hansen et al., 2006), and function in allergic and
inflammatory processes by releasing inflammatory mediators. These include heparin and
histamine, which are immediate hypersensitivity reactions.

2.2.5.3 Eosinophils

Historically, eosinophils were considered end-stage cells involved in host
protection against parasites (Weller, 1997). Although they are a minority granulocyte
(~1-4%) (Wen and Rothenberg, 2016) it has been shown that eosinophils can perform
several immune functions, including antigen presentation and exacerbation of
inflammatory responses (Rothenberg and Hogan, 2006). Eosinophils are pleiotropic
multifunctional WBC that modulate the adaptive immune response by directly activating
T-cells (Rothenberg and Hogan, 2006). Normally, cattle have higher numbers of
eosinophils than other species, and calves typically have lower numbers than adult cattle
(Jones and Allison, 2007).
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2.2.6

Agranulocytes

2.2.6.1 Monocytes

Monocytes are myeloid cells derived from bone marrow, and have a central role
in immunity to infection or injury (van Furth et al., 1972; Auffray et al., 2009). After
their production in the bone marrow, monocytes are released into the blood stream and
circulate for several days before entering tissues (Hussen and Schuberth, 2017) They are
a part of the innate immune system with important effector functions during different
phases of inflammation (Hussen and Schuberth, 2017). Functionally, they are
characterized by the ability to recognize pathogens, phagocytose microbes, produce
cytokines and chemokines, and to present antigens to T cells (Hussen and Schuberth,
2017). In addition, monocytes are precursors for tissue macrophages and dendritic cells.
The functional and phenotypic properties of monocytes were intensively
investigated in human and murine as well as bovine (Werling et al., 1998), ovine
(Francey et al., 1992), caprine (Werling et al., 1994; Adler et al., 1996), equine (Grünig et
al., 1991), and porcine (Summerfield et al., 2003) monocytes and monocyte derived cells.
Previously, monocytes were considered as a homogenous population of circulating
leukocytes, however, three monocyte subsets were recently identified in bovine
peripheral blood according to the surface expression of CD14 and CD16 (Hussen and
Schuberth, 2017). The three subsets are: 1) bovine cM (classical) with high CD14 and no
CD16 expression, 2) bovine intM (intermediate) with high CD14 and low CD16
expression, and 3) bovine ncM (nonclassical) with high CD16 and no CD14 expression
shown in (figure). The majority of total bovine blood monocytes comes from bovine cM
(89%), whereas bovine intM and ncM constitute minor proportions (5-10% each)
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(Hussen et al., 2013). Bovine cM monocytes have the highest ability to phagocytose
bacteria. Bovine intM display an intermediate capacity for phagocytosis, whereas their
strong suit is production of reactive oxygen species (ROS) and gene expression levels for
inflammatory cytokines (TNF-a, IL-1b). Bovine ncM monocytes show the lowest
capacity for phagocytosis and ROS generation (Hussen and Schuberth, 2017).
After monocytes leave the blood stream, they differentiate into tissue monocytederived macrophages or dendritic cells. The differentiation of monocytes into
macrophages is guided by neutrophil release of cytokines, chemokines, and lipids via
neutrophil granules (Hussen et al., 2016). The number of monocytes/macrophages
present in a wound directly correlates to the number of neutrophils present (Chistiakov et
al., 2015). Macrophages are terminally differentiated cells that phagocytose pathogens or
toxins (Chiu and Bharat, 2016). Macrophages are integral components of tissues,
contributing to organ development and maintenance of homeostasis through similar
mechanisms used to detect pathogens and trigger inflammation during infection (Gordon
and Martinez-Pomares, 2017). Macrophages maintain tissue homeostasis through the
removal of senescent cells and remodeling/repair of tissues after inflammation (Gordon
and Taylor, 2005b). In vitro experiments were performed, showing macrophage
activation states in Figure 2.2.6.1 (Gordon and Taylor, 2005a). These include classical,
alternative, and innate activation. Classical activation is induced by interferon-g and LPS
and is associated with high microbicidal activity, pro-inflammatory cytokine production
and cellular immunity. Alternative activation results from a culture in IL-4 or IL-13 and
is associated with tissue repair and humoral immunity. In culture, innate activation is
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mediated by ligation of receptors (TLRs), and is associated with microbicidal activity and
pro-inflammatory cytokine production (Gordon and Taylor, 2005b).
Dendritic cells are considered to be the only cells able to present antigens to naïve
T cells and initiate primary immune responses (Howard et al., 1999), making them
essential for the induction of the adaptive immune response. Their main function in
innate immunity is the ability to sense infections and environmental antigens at the skin
and mucosal surface and thus critically influencing decisions about immune activation or
tolerance (Summerfield et al., 2015).

2.2.6.2 Lymphocytes
There are two major types of lymphocytes: B cells and T cells. When activated, B
cells differentiate into plasma cells that secrete antibodies. T cells have two main classes
upon activation: cytotoxic T cells, which kill virally infected cells, and those that
differentiate into cells that activate cells such as B cells and macrophages (Janeway et al.,
1999). T cells function in cell-mediated and cytotoxic adaptive immunity, and B cells are
for humoral, antibody-driven adaptive immunity (Cano and Lopera, 2013). T cells are
derived from the thymus, whereas B cells are derived from bone marrow. During antigen
presentation, T and B cells recognize specific “non-self” antigens. Mature lymphocytes
recirculate continually from the bloodstream though the peripheral or secondary
lymphoid organs, returning through lymphatic vessels to the bloodstream. When
recirculating T cells recognize its specific antigen on a dendritic cells surface, it triggers
an adaptive immune response. Lymphocytes also include natural killer (NK) cells, which
function in cell-mediated and cytotoxic innate immunity. Generally considered
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components of the innate immune system, NK cells lack antigen-specific cell surface
receptors (Vivier et al., 2011).

2.2.7

Age-Dependent Immunity
The development of the immune system in calves’ advances in small steps from

conception to maturity at approximately 6 months post parturition. As shown in Figure
2.2.7 (Chase et al., 2008a) fetal calves are predominantly protected by the innate immune
system. The innate immune response does not fully develop until late gestation, with a
decline in functional capacity as gestation approaches due to increased fetal cortisol
levels (Barrington and Parish, 2001). The percentage of peripheral blood T cells
decreases considerably (from approximately 60 to 30%) beginning 1 month before birth
as they traffic and populate lymphoid tissues of fetal calves (Chase et al., 2008b). B cells,
however, are present at much lower percentages in developing fetuses (1 % - 2 %) than
mature calves (10 % - 20 %) (Senogles et al., 1979; Kampen et al., 2006).
At birth, neonates are immunocompetent and immunonaive due to the dependence
on passively acquired maternal immunoglobulins, immune cells, and other protective
substances that colostrum provides (Barrington and Parish, 2001). Colostrum ingestion is
required for providing immunological protection during the first 2 to 4 weeks of life
(Figure 2.2.7). Although all the essential immune components are present in neonates at
calving, many of the components are not functional until calves are at least 2 to 4 weeks
old and may continue to develop until puberty (Reber et al., 2006). To induce an active
immune response via vaccination, the prime window is shown in Figure 2.2.7 to be
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anywhere from a few weeks to 8 months of age. The humoral components of the innate
system are present in limited quantity in calves and do not function as well as for adults.
All of the cellular components of the acquired immune response are present in fetal
calves (Wilson et al., 1996).
The number of circulating neutrophils in the newborn calf is approximately 4
times higher than in 3 week-old calves (Chase et al., 2008b). Prior to colostrum ingestion,
neonatal neutrophils and macrophages have reduced phagocytic ability (Menge et al.,
1998). By the first week of age, neutrophils are functional and able to mount an effective
immune response (Kampen et al., 2006). Neutrophil function gradually improves to adult
levels by 5 months of age (Hauser et al., 1986). Dendritic cells are lower in neonates and
have a limited ability to present antigen to activate the adaptive immune response
(Morein et al., 2002). Circulating natural killer cells are lower during the first week of
age (approximately 3% of total lymphocytes) versus adults and increase to 10% by 6 to 8
weeks of age (Kampen et al., 2006). B cells represent only 4 % of total lymphocytes at 1
week of age and increase gradually to 20 to 30 % in adults by 6 to 8 weeks of age
(Kampen et al., 2006). T-cell subpopulations are present in peripheral blood of calves at
levels similar to adults (Kampen et al., 2006). In a study by Kampen et al. (2006),
individual calf percentages of T-cell subsets in peripheral blood hardly changed over
time, displaying that clinically healthy animals have stable levels of T-cell
subpopulations.
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2.2.8

Toll-like Receptors
Toll-like receptors (TLR) allow for the recognition and response to diverse

microbial epitopes on pathogens, which enables the innate immune system to
discriminate among groups of pathogens and to induce an appropriate cascade of effector
adaptive responses (Turvey and Broide, 2010). Thus, TLR are critically important for
innate immunity. In humans, there are 10 isoforms of the toll-like receptor (TLR) family
(Takeda et al., 2003; Akira and Takeda, 2004). Existing as heterodimers or homodimers,
individual TLR recognize a distinct but limited range of conserved microbial products.
For the purpose of this thesis, TLR4 is the main focus. TLR4 is a well characterized
receptor with lipopolysaccharide (LPS) as its ligand pair. As described in Section 2.3, the
activation of WBC-expressed TLR4 by binding of LPS initiates activation of several
important canonical signaling pathways (ex: NF-kB).
2.3

Lipopolysaccharide-stimulated immune responses
One of the most commonly studied bacterial surface molecules is the glycolipid

lipopolysaccharide (LPS), which is produced by most gram-negative bacteria. In the early
1900’s, LPS was acknowledged for stimulating the immune system and was referred to as
an endotoxin. LPS is a potent inducer of pro-inflammatory cytokines (Harrison et al.,
2004). Gram-negative bacteria can cause a wide variety of clinical diseases in humans
and animals (Munford, 2008). LPS can be recognized by immune cells as a pathogenassociated molecule through TLR4. Activation of LPS-responsive cells, such as
monocytes and macrophages occur rapidly after interaction with TLR4 and CD14 (a
glycosylphosphatidylinositol-linked cell surface glycoprotein) (Schletter et al., 1995;
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Ulevitch and Tobias, 1995). LPS has been shown to initiate several intracellular signaling
events (Sweet and Hume, 1996), including activation of NF-kB, eventually leading to the
synthesis and release of proinflammatory mediators such as interleukin-8 (IL-8) and
tumor necrosis factor-a (Chow et al., 1999). For laboratory research, LPS derived from
Escherichia coli and Salmonella often is used to simulate a natural infection caused by
gram-negative bacteria in an LPS challenge (Needham et al., 2013). Filipov et al. (1999b)
was the first to report that following an injection of LPS, steers grazing endophyteinfected tall fescue had increased serum TNF-a concentrations.

2.3.1

Ex vivo LPS challenge model

Stressful events such as weaning or bacterial infections, stimulate an acute-phase
immune response which can compromise growth performance (Carroll et al., 2009;
Arthington et al., 2013). Lipopolysaccharide has proven to be a useful tool in humans
(Finch-Arietta and Cochran, 1991), mice and rats (Foster et al., 1993), swine (Carstensen
et al., 2005), and cattle (Jahan et al., 2015) to evaluate the capacity of leukocytes to
secrete pro-inflammatory cytokines. This is achieved by an ex vivo whole blood
simulation assay. Typically, whole blood is collected in EDTA-containing collection
tubes and split into two, 3-mL samples. One tube serves as the nonstimulated control, and
the second is stimulated with E. coli-derived LPS (2 µg/mL; Sigma-Aldrich, St. Louis,
MO) and both incubated for 2 h at 37 °C as described by Røntved et al. (2005). All tubes
were incubated in a shaking water bath (100x/min), stored in -20 °C until RNA
extraction.
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2.4
2.4.1

Selenium Supplementation in Cattle
Overview

Selenium (Se) was first discovered in 1817 by the Swedish chemist Jöns Jakob
Berzelius as a by-product of sulfuric acid production. Selenium is an essential trace
element and an antioxidant (Wang et al., 2017). The biological significance of Se was not
recognized until it was identified as the toxic component causing death and lameness in
livestock grazing certain plants in Wyoming and the Dakotas (Franke, 1934). The
chemistry of Se insinuates that in biological systems, its likely present as selenol
(selenomercaptan), R-she (e.g., selenocysteine), or as the Se ether similar to/replacing
sulfur in the amino acid methionine (Reddy and Massaro, 1983). The therapeutic role of
Se as an essential micronutrient was identified by Schwarz and Foltz (1957), who found
that rat liver necrosis could be prevented with low dose supplementation of Se. Both
inorganic and organically bound forms of selenium are widely distributed to various body
tissues and render important biological functions, primarily through the reactiveness of
the selenocysteine (Sec) residue of selenoproteins (Kasaikina et al., 2012). Selenoproteins
are proteins that contain Se in the form of the amino acid selenocysteine, which is
encoded by the codon AUG and synthesized on the tRNASec (see below). Currently, 25
selenoprotein genes have been identified for cattle (Mariotti et al., 2012), humans
(Labunskyy et al., 2014), and pigs (Chen et al., 2018), and 24 selenoproteins for rodents
(Kryukov et al., 2003) and poultry (Li et al., 2018).
Selenoprotein-incorporated Sec plays a role in reducing the accumulation of
hydroperoxides from cellular metabolism (Sordillo, 2016), by selenoproteins such as the
glutathione peroxidases (GPx) (Brigelius-Flohe and Maiorino, 2013). In 1973 it was
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discovered that Se is an integral structural component of GPx (Flohe et al., 1973). GPx
are Se-dependent glutathione peroxidases that respond to dietary Se (Hafeman et al.,
1974). Since these initial findings, a considerable amount of progress has been made in
identifying selenoproteins, and their role in biological processes. So far, the single
defining feature of selenoproteins is the fact that they all contain one or more Sec
residues in their primary structure. Additionally, with the exception of selenoprotein P,
all selenoproteins with known functions in which the Sec residue is located at the
catalytic site, appear to have enzymatic activities, where it likely partakes in redox
reactions (Moghadaszadeh and Beggs, 2006).
Besides their role in mediating redox capacity, selenoprotein function has been
implicated in mammalian development (Köhrle, 2000), immune function (Rayman,
2000), and inhibition of viral expression (Beck et al., 2003). It has been reported that
selenium enhances both humoral and cellular immune responses (Reddy and Massaro,
1983). For example, Petrie et al. (1989) showed that in the murine immune system,
selenium played a role in the formation and activity of helper T, cytotoxic T and NK
cells.

2.4.2

Immune Function
Selenium is essential for ideal endocrine and immune function and moderating the

inflammatory response (Beckett and Arthur, 2005). Through the incorporation into
selenoproteins, Se plays an important role in commencing “normal” immunity as well as
regulating excessive immune responses (Prabhu and Lei, 2016). Though studies using
mouse models that lack specific selenoproteins, it has been discovered that selenoproteins
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have a role in signaling, calcium flux, oxidative burst, and effector functions, including
migration, adherence, cytokine/chemokine production, and phagocytosis (Prabhu and Lei,
2016). Quantitatively selenoprotein P is the major selenoprotein in plasma and has both
transport and antioxidant roles (Beckett and Arthur, 2005). Supplementation of Se has
been suggested to have preventative and occasional therapeutic roles in immune system
function (Kiremidjian-Schumacher and Roy, 2001). It is believed that selenoproteins can
also affect cell-signaling molecules such as nuclear factor-κB (Hayashi et al., 1993), and
therefore, influence important cellular functions such as cellular growth and gene
transcription.
2.4.3

Nutritional Sources of Se
Selenium is an essential mineral naturally found in soil, water, plants, and animals

(Wang et al., 2017). Selenium is a commonly occurring element, and can be found in the
atmosphere, lithosphere, biosphere, and hydrosphere of Earth (Reich and Hondal, 2016).
Selenium is present in various forms including inorganic forms from dietary
supplementation such as selenite and selenate (Kieliszek, 2019). In food, Se is present in
organically-bound forms such as Selenocysteine (Sec) and Selenomethionine (SeMet)
(Kieliszek, 2019). Selenite and selenate are commonly found in most soils and are
typically used as supplemental Se for humans and livestock. Selenium levels in soil
varies with soil type, texture, organic matter content and amount of rainfall. On average,
soil selenium levels vary from 0.1 to 0.7 mg/kg , up to 4.5 mg/kg in tropical soils, and
poor concentrations in volcanic soils and granite (Mehdi et al., 2013). Soil Se levels
directly relate to plant Se concentrations. In forages, the normal Se content ranges from
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0.1 to 0.5 ppm, and in some places extreme values of 0.006 ppm (Suttle, 2010) to 20,000
ppm (Lebreton et al., 1998) of Se have been found. On a global scale, in the arable layer
of soil, the average selenium concentration varies from 0.33 to 2 mg/kg (Mason et al.,
2018). Areas with Se deficiencies in the US include the northwest, northeast, and
southeast. Forages and grains grown in these regions have low (< 0.05 ppm) to variable
(> 0.1 ppm) selenium levels (Ammerman and Miller, 1975).
Because the dietary requirement for Se in cattle is 0.1 ppm, and the typically low
(< 0.01 ppm) Se levels in the plants of southeast US, Se supplementation is necessary for
cattle raised under forage-based production regimens. Dietary inorganic Se supplements
that meet the approved requirement by the FDA of 0.1 ppm for cattle, include sodium
selenite or sodium selenate (NRC, 1983). Sodium selenite is the form most commonly
supplemented in cattle diets. Southeastern US cattle are typically considered to be
marginally or severely deficient in Se (Dargatz and Ross, 1996b) and therefore, require
Se supplementation. The organically bound forms of Se can be provided as enriched
strains of yeast (Saccharomyces cerevisiae) that are available from different
manufactures (e.g., SEL-PLEX®, Altech, Inc, Nicholasville, KY). Selenomethionine is a
major component from these Se-yeast products, providing over 50% of the total Se (Saha
et al., 2016). As shown in Figure 2.4.3, the sulfur in Met and Cys are replaced by Se to
form SeMet and Sec, respectively. Yet, there is a central difference between SeMet and
Sec regarding their biosynthesis, incorporation into the peptide chain, and whole-body
metabolism, which is described later (see Selenium biosynthesis below). Briefly, Sec is
encoded into the peptide chain of selenoproteins by the UGA codon, the Sec insertion
sequence and after synthesis on tRNASec (Suzuki, 2005). Thus, the synthesis and
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incorporation of Sec into polypeptide chains is considered to be by the “regulated”
pathway for Se incorporation into proteins. In contrast, SeMet is incorporated into
proteins by competing with Met for binding to tRNAMet, which does not discriminate
between SeMet and Met (McConnell and Hoffman, 1972). Thus, the synthesis of SeMetcontaining proteins (Se-associated proteins) is by “non-regulated” incorporation of Se
into proteins.

2.4.4

Biosynthesis of Seleno-Amino acids
Selenomethionine undergoes unregulated incorporation into the peptide chain by

tRNAMet. However, the incorporation of Sec into selenoproteins is done so by
endogenously synthesizing from Ser and activated Se to Sec tRNASec by the
intermediates of selenophosphate and serine tRNASec (Veres et al., 1992; Glass et al.,
1993), as shown in Figure 2.4.4.
There are five known required processes for selenoprotein synthesis (Burk and
Hill, 2015). Two of the five are uniquely present in the selenoprotein mRNA structure as
a UGA in the open reading frame, and the other is a Sec insertion sequence (SECIS)
element (Berry et al., 1993)(Figure 2.4.4). SECIS is a specialized stem-loop structure
located in the 3’ untranslated region, and is required for the recognition of the in-frame
UGA, as the codon for Sec insertion, otherwise UGA is recognized as a stop codon (Burk
and Hill, 2015). As shown in Figure 2.4.4, three trans-acting factors: Sec tRNASec, and a
Sec-specific translation elongation factor (eEFsec), and a SECIS-binding protein (SBP2)
are identified as playing essential roles in selenoprotein synthesis (Labunskyy et al.,
2014). The anticodon for UGA is found in tRNASec. First, charging of serine on the
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specific tRNASec by seryl-tRNA synthetase occurs. Then followed by the conversion of
Ser-tRNASec to Sec-tRNASec, which is catalyzed by Sec synthase, an enzyme that utilizes
monoselenophosphate as an Se donor to generate Sec (Xu et al., 2006). The trans-acting
factor eEFsec is responsible for the recruitment of Sec tRNASec and SBP2, as well as
inserting Sec into nascent protein chains in response to UGA codons (Fagegaltier et al.,
2000).
Since the discovery that Sec is encoded by the UGA codon and is the 21st
“naturally occurring” amino acid in the genetic code, research and discoveries of the
physiological roles and the health benefits of Se has increased tremendously. These
findings suggest that Sec proteins containing Sec are largely responsible for the health
benefits of Se (Labunskyy et al., 2014).
For many years, the biosynthesis of Sec was unknown in eukaryotes. In recent
years, the pathway for the biosynthesis was determined using a combination of genomic,
molecular, and structural approaches (Xu et al., 2006; Yuan et al., 2006). Sec is a unique
amino acid, in that it is the only amino acid in eukaryotes whose biosynthesis occurs on
its own tRNA, Sec tRNA[Ser]Sec (Lee et al., 1989; Hatfield et al., 1994). In order to
provide the backbone for Sec biosynthesis, tRNA[Ser]Sec is amino acylated with serine in a
reaction catalyzed by seryl-tRNA synthetase (SerRS) to form seryl-tRNA[Ser]Sec (Lee et
al., 1989; Leinfelder et al., 1989).

2.4.5

Consumption and absorption

The rate of selenite absorption is 80% in monogastric animals and poultry,
whereas it is only 29% in ruminants (Meschy, 2017). In ruminants (ewes), a study by
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Galbraith et al. (2016) showed that organically-bound Se as SeMet was incorporated to a
larger extent into rumen microorganisms than inorganic Se sources, and resulted in less
elemental Se formation. In cattle supplemented with organic Se, total Se concentration of
whole blood and tissues was greater compared to those receiving inorganic Se, indicating
an improvement in Se availability and tissue Se retention (Juniper et al., 2008). When
using sodium selenite for supplementation, Se is distributed in the entire organism.
However, most of this absorbed selenium is found in the liver (Herdt et al., 2000). When
Se is in excess, selenide is polymethylated and excreted as dimethyl selenide in breath
and feces; and as the cation (CH3)3Se+ in urine (Meschy, 2017).

2.4.6

Effects of supplementation on cattle

As described above, Se has many biological functions that are carried out by
selenoproteins, that function as enzymes. These enzymes include glutathione peroxidase,
thioredoxin reductase, and thyroid hormone deiodinase (Labunskyy et al., 2014). The
biological roles of these redox enzymes have been comprehensively reviewed in different
human and rodent tissues (Rayman, 2012; Avery and Hoffmann, 2018). Some tissues
include antioxidant and thyroid hormone metabolism, brain development,
spermatogenesis, and the immune system. In cattle, the role and effects of Se
supplementation have been reviewed (Mehdi and Dufrasne, 2016). The effect of Se
supplementation at various levels and forms in cattle can be evaluated from the
perspective of blood/tissue assimilation.
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2.4.6.1 Blood and tissue assimilation

Whole-body Se status has been commonly assessed by measuring the
concentration of Se in blood/tissue, or by the blood glutathione peroxidase activity.
Whole blood Se is comprised of serum (or plasma) Se (active) and Se in glutathione
peroxidase in erythrocytes. Whole blood Se has been shown to be quickly responsive and
is well correlated with Se intake (Longnecker et al., 1996; Patterson et al., 2013). Despite
the research, there is no clear number on Se concentration to determine a deficiency or
adequacy in cattle. Regardless, studies have stated that Se is considered adequate when
whole blood Se is either greater than 100 ng/mL (Gerloff, 1992), or between 81-161
ng/mL (Dargatz and Ross, 1996a).

2.5
2.5.1

Prolactin
Introduction

As noted above, a reduction of serum prolactin is a hallmark of fescue toxicosis.
Prolactin (PRL) is a peptide hormone containing 198 amino acids (Melmed and Jameson,
2014), mainly synthesized and secreted by lactotrophs in the anterior pituitary (Ra, 2016).
Mature bovine prolactin is composed of a single chain of 199 amino acids with three
intramolecular disulfide bridges between six cysteine residues; sharing 80% of the
sequence homology with human prolactin (Wallis, 1974). The synthesis of PRL is not
limited to the anterior pituitary or lactotrophs. Numerous extrapituitary tissues also
express this protein including: the placenta, testis, ovaries, mammary gland, skin, adipose
tissue, endothelial cells, and immune cells (Harvey et al., 2012). Pituitary PRL is
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predominantly under inhibitory control exerted by dopamine, but peripheral organs have
been shown to inhibit or stimulate PRL secretion (Díaz et al., 2013). In addition, PRL is
recognized as an immune cytokine (Ben-Jonathan et al., 1996). Prolactin is a highly
versatile cytokine and hormone that displays a wide spectrum of effects in a variety of
tissues, with more than 300 actions described in vertebrates (Ben-Jonathan et al., 1996).

2.5.2

Receptor and Isoforms

2.5.2.1 Receptor
The PRL receptor (PRLR) belongs to the class 1 cytokine receptor superfamily
(Bazan, 1990a, b). Each PRLR contains an extracellular, transmembrane, and
intracellular domain (Bole-Feysot et al., 1998a). The extracellular domain contains two
disulfide bridges that are essential for ligand binding. The cytoplasmic domain contains
two highly conserved regions among cytokine receptors (Saleem et al., 2018). After PRL
binds to its receptor, several signaling pathways can be activated including the Janus
kinase-signal transducer and activator of transcription (Jak-Stat), the mitogen-activated
protein kinase (MAPK), and the phosphoinositide 3 kinase pathways (PI3K)
(Radhakrishnan et al., 2012b). The PRLR is ubiquitously expressed (Nagano and Kelly,
1994; Bakowska and Morrell, 1997; Bole-Feysot et al., 1998b), and facilitates over 300
biological functions.
The human PRLR gene is located on chromosome 5, and alternative splicing has
resulted in several different isoforms (Bole-Feysot et al., 1998b). These isoforms, while
identical in their extracellular domain, differ within the intracellular portion which can be
short, intermediate, or long.
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2.5.2.2 Isoforms

In humans, six isoforms have been reported (Diakonova, 2014). In contrast, only
two distinct prolactin receptor isoforms have been identified in cattle. (Brym et al., 2005).
In mice, three receptor isoforms have been described including short, intermediate, and
long forms (Bole-Feysot et al., 1998b). The murine studies have shown that the ratio of
isoforms varies based on tissue-type, development stage, and reproductive stage (e.g.,
estrous cycle, pregnancy, lactation) (Nagano and Kelly, 1994; Bole-Feysot et al., 1998).
The human PRLR long isoform forms a homodimer when PRL binds the two
extracellular interaction sites, triggering the downstream intracellular signal transduction.
Prolactin signaling can occur via the long isoform activates JAK-2, Src (tyrosine kinase
family), and phosphatidylinositol 3-kinase (PI3K/AKT), and mitogen-activated protein
kinase (MAPK) 3 (Saleem et al., 2018). There have been two distinct PRL receptor
isoforms identified in cattle as a result of alternative splicing events (Bole-Feysot et al.,
1998b); a long isoform with 557 amino acids (Scott et al., 1992) and a short isoform with
272 amino acids (Schuler et al., 1997).

2.5.3

Prolactin function and immune system

Prolactin is best known and named for its role in regulating lactation; however, it
also affects a wide variety of biological functions. These functions include regulation of
reproduction, osmoregulation, immune responses, metabolism, and growth and
development.
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In the immune system, PRL is believed to act as a locally produced cytokine with
significance for immune regulation and modulation of T- and B-cell function. However,
the molecular mechanisms regulating PRL expression in the immune system are still not
fully understood. Within the immune system, PRL is synthesized by T-cells, B-cells,
macrophages, thymocytes, mononuclear and NK cells. (Ben-Jonathan et al., 1996). The
binding of PRL to lymphocytes was first demonstrated by Russell et al. (1985), and
subsequent studies show that both the long and short forms of the receptor are expressed
by rat lymphoid organs, with the long form being more prevalent (Nagano and Kelly,
1994). A wide range of immunological disruptions caused by PRL deficiency was
described by Berczi (1986) and Berczi and Nagy (1987). Humoral and cellular immune
deficiencies in hypophysectomized rats was restored by exogenous PRL or anterior
pituitary transplants (Ben-Jonathan et al., 1996).
Specifically, in pancreatic beta cells, pancreas, and T-lymphocytes, PRL can
regulate proliferation (Bole-Feysot et al., 1998b; Freemark et al., 2002), whereas, PRL
acts as an antiapoptotic factor in pancreatic beta cells and lymphocytes (LaVoie and
Witorsch, 1995). Prolactin has been shown to inhibit apoptosis of lymphocytes (Díaz et
al., 2013), as well as to act as a T-cell growth factor (Matera et al., 1997).

2.5.4

Prolactin-receptor and fescue toxicosis

In rats, sheep, and cattle, serum prolactin levels are reduced when consumption of
endophyte-infected fescue occurs (Mizinga et al., 1993; Thompson et al., 2001; Gadberry
et al., 2003). The decrease in serum prolactin occurs from the binding of ergopeptine
alkaloids to dopaminergic receptors (Thompson and Stuedemann, 1993; Oliver, 2005).
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Reduced prolactin levels could lead to reduced milk production, reproductive failure,
immunosuppression, and a dull and shaggy hair coat (Prasad et al., 1989; Reber, 1993;
Regisford and Katz, 1993; Aiken et al., 2006). Intake of infected tall fescue alters blood
parameter profiles of livestock, with reduced plasma prolactin being the most frequently
observed indicator fescue toxicosis (Strickland et al., 2011). The vasoconstrictive
properties of the ergot alkaloid ergonovine also reduces prolactin concentration (Guerre,
2015). Prolactin, like other hormones, is connected to various body systems, and a
decline in levels could impact function of these systems.

2.6
2.6.1

Nuclear Factor-Kappa Beta (NF-kB)
Introduction
Nuclear Factor-kb (NF-kB) represents a family of inducible transcription factors,

which regulate a large array of genes involved in different processes of the immune and
inflammatory responses (Oeckinghaus and Ghosh, 2009). This family is composed of
five structurally related members, including NF-kB1 (p50), NF-kB2 (p52), RelA (p65),
RelB and c-Rel which mediates the transcription of target genes by binding to a specific
DNA element (Sun et al., 2013). NF-kB proteins are normally sequestered in the
cytoplasm by a family of inhibitory proteins, including Ikb family members (Sun, 2011).
Activation of NF-kB involves two major signaling pathways, the canonical and
noncanonical (alternative) pathways. Despite differences in their signaling mechanisms,
they are both important for regulating immune and inflammatory responses
(Vallabhapurapu and Karin, 2009; Sun, 2011). After the discovery of NF-kB, it soon was
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identified as a major regulator of the innate and adaptive immunity and inflammatory
responses (Bonizzi and Karin, 2004).

2.6.2

Canonical NF-kB pathway
The canonical pathway is based on IKKb-dependent Ikb degradation, which is

essential for innate immunity. Deficiencies in both RelA and IKKb result in a marked
increase in susceptibility to infections (Bonizzi and Karin, 2004). To date, the most
imperative and best studied Ikb family member is Ikba. The canonical pathway responds
to diverse stimuli, including ligands of various cytokine receptors, pattern-recognition
receptors (PRR), TNF receptor (TNFR) superfamily members, as well as T-cell receptor
(TCR) and B-cell receptor (BCR) (Zhang and Sun, 2015). The primary mechanism for
the canonical activation is the inducible degradation of Ikba triggered through the sitespecific phosphorylation by a multi-subunit Ikb kinase (IKK) complex (Karin and
Delhase, 2000; Oeckinghaus and Ghosh, 2009). Activation of the canonical pathway is
responsible for transcriptional induction of pro-inflammatory cytokines, chemokines, and
additional inflammatory mediators in different types of innate immune cells (Figure
2.6.2) (Ghosh and Karin, 2002; Hayden and Ghosh, 2011; Sun et al., 2013).

2.6.3

NF-kB and the immune system
A well-recognized function of NF-kB is regulation of inflammatory responses.

The pro-inflammatory function of NF-kB has been greatly studied in macrophages. In
addition to mediating various pro-inflammatory genes in innate immune cells, NF-kB
regulates the activation, differentiation, and effector function of inflammatory T-cells
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(Tak and Firestein, 2001; Lawrence, 2009). Predictably, dysregulated NF-kB activation is
a hallmark of chronic inflammatory diseases. Canonical NF-kB members, RelA and cRel have a central role in mediating TCR signaling and naïve T-cell activation (Oh and
Ghosh, 2013). Aberrant T-cell activation can be caused by deregulated NF-kB activation,
which is associated with autoimmune and inflammatory responses (Chang et al., 2011).
In addition, NF-kB plays a role in regulating effector function and T-cell differentiation
(Liu et al., 2017). In neutrophils, NF-kB has a proapoptotic role during inflammation as
described by Lawrence et al. (2001) and Greten et al. (2007), and during acute
inflammation it could represent an important anti-inflammatory mechanism for NF-kB.
In macrophages, NF-kB has been shown to be an important inhibitor of pathogen-induced
apoptosis (in vitro) (Park et al., 2005). In this regard, NF-kB could have a proinflammatory role by enabling prolonged activation of macrophages.
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Figure 2.1.1 Chemical structures of selected ergopeptine alkaloids

34

Figure 2.2.1 Integrated human immune system1

1

Integrated human immune system. The human microbial defense system can be simplistically viewed as consisting of 3 levels: (1)
anatomic and physiologic barriers; (2) innate immunity; and (3) adaptive immunity. In common with many classification systems,
some elements are difficult to categorize. (Turvey and Broide, 2010).
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Figure 2.2.4a Whole blood composition1

1

After centrifugation, almost half of the volume is represented by erythrocytes at the bottom of the tube, called the hematocrit. Between
the erythrocytes and the supernatant light-colored plasma is a thin layer of leukocytes and platelets called the buffy coat. The
concentration ranges of erythrocytes, platelets, and leukocytes in normal blood are included here, along with the percentage range for
each type of leukocyte represented in the buffy coat (Mescher, 2013).
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Figure 2.2.4b White blood cell taxonomy1

1

Includes 2 main types (Granulocytes, Agranulocytes) and eight sub-types (neutrophils, basophils, eosinophils, macrophages, dendritic
cells, natural killer (NK), B-cell and T-cells.
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Figure 2.2.5.1 Antimicrobial mechanisms of neutrophils1

1

Phagocytosis involves the ingestion of the microorganism into a phagocytic vacuole that upon maturation becomes a phagolysosome.
Neutrophils also degranulate and release the contents of their granules to their environment. When the microorganism is too large to
be ingested, neutrophil can also produce extracellular traps (NETs) formed by DNA fibers and proteins from the granules (Rosales,
2018).
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Figure 2.2.6.1 Macrophage heterogeneity during inflammation1

1

The phenotypes and physiological activities have been observed in vitro and shown in this figure. The activation states include the
following: classical, alternative, and innate activation (Gordon and Taylor, 2005a).
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Figure 2.2.7 Development of the immune response in calves from conception to puberty

(Chase et al., 2008a)

40

Figure 2.4.3 Inorganic and Organic forms of selenium1

1

Inorganic forms of selenium: Selenite and Selenate; Organic forms of selenium: Selenocysteine (Sec) and Selenomethionine (SeMet);
precursors to the organic forms are shown as: cysteine and methionine, where Se replaces the sulfur in both amino acids. Created by
adapting from Fernandes et al. (2012) and (Lindshield and Adhikari, 2011).
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Figure 2.4.4 Illustrated representation of the translation mechanism for the synthesis of selenoproteins1

1

Two cis-sequences, a SECIS element in the 3′-untranslated region and a Sec codon (UGA) in the coding region, and three transacting factors, a Sec-specific translation elongation factor (EFSeCys), the Sec SectRNA, and a SECIS-binding protein (SBP2) are
proposed for the translation of the UGA codon to the Sec sequence. Adapted from Suzuki (2005).
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Figure 2.6.2 Schematic illustration of NF-kB in inflammation1

1

NF-kB target genes involved in inflammation development and progression. After its activation, it can activate transcription of
various genes and thereby regulate inflammation. NF-kB target inflammation not only directly by increasing the production of
inflammatory cytokines, chemokines and adhesion molecules but also regulating the cell proliferation, apoptosis, morphogenesis and
differentiation (Liu et al., 2017).
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THESIS GOAL/HYPOTHESIS

One challenge to toxic endophyte-infected tall fescue-based beef cattle operations is
ergot alkaloid induced fescue toxicosis. A hallmark of fescue toxicosis is a reduction in
circulating prolactin (PRL) concentrations. In addition to the classic reduction in
prolactin concentrations, a recent study has identified changes in several immune
pathways of growing steers afflicted with fescue toxicosis (Liao et al., 2015). In this
study, cell-mediated immune response was in the top five gene functional categories, and
canonical analysis of differentially expressed genes showed that most of the affected
pathways belonged to the cellular immune response category.
A second challenge to Kentucky-based cattle operations is that the forage is typically
selenium (Se)-inadequate (below 0.1 ppm), due to Se-poor soils (Ammerman and Miller,
1975). Beef cattle require 0.10 mg Se/kg of diet to meet the daily requirements set by the
NRC (National Academies of Sciences and Medicine, 2016). To remedy this, Se is
supplemented using free-choice vitamin-mineral mixes. The inorganic (sodium selenite,
ISe) form of selenium is the most supplemented. However, the use of organic forms of Se
(SEL-PLEX, OSe) in vitamin-mineral mix results in greater blood and tissue Se
assimilation (bioavailability) (Gunter et al., 2003; Liao et al., 2011). Feeding a 1:1 blend
of ISe:OSe (MIX) of 35 ppm Se results in greater amounts of Se in whole blood, red
blood cells, serum, and liver of cattle than when supplemented with only ISe (Brennan et
al., 2011; Jia et al., 2018).
Therefore, the overall goal of this thesis was to investigate whether the MIX form of
Se in vitamin mineral mixes consumed by growing beef steers grazing toxic-endophyte
infected tall fescue pasture would ameliorate negative immune response parameters
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associated with fescue toxicosis, and in the presence of an additional stressor. The
specific hypotheses to be tested were: 1) a 1:1 blend (MIX treatment) of inorganic
(sodium selenite, ISe) and organic (SELPLEX, OSe) forms of supplemental Se in
vitamin-mineral mixes consumed by growing beef steers grazing endophyte-infected tall
fescue forage would ameliorate the negative immune response parameters associated with
fescue toxicosis, including white blood cell (WBC) abundance and gene expression.
(Experiment 1, Chapter 4); and 2) the MIX form of supplemental Se would ameliorate
the negative effects of an additional in vitro stressor (lipopolysaccharide challenge) on
WBC gene expression. (Experiment 2, Chapter 4).

MONOCYTE ABUNDANCE AND WHITE BLOOD CELL
EXPRESSION OF PROLACTIN AND NF-KB PATHWAY GENES IN BEEF
STEERS ARE ALTERED BY GRAZING TOXIC ENDOPHYTE-INFECTED
TALL FESCUE AND LIPOPOLYSACCHARIDE CHALLENGE

4.1

Introduction
It has been well demonstrated that cattle consuming tall fescue (Lolium

arundinaceum) infected with the endophytic fungus (Epichloë coenophiala) develop a
collectively known syndrome of negatively affected physiological systems, called fescue
toxicosis (Strickland et al., 2011). In addition to the classic reduction in prolactin
concentrations, a more recent study has identified changes in several immune pathways
of growing steers afflicted with fescue toxicosis (Liao et al., 2015). In this study, cell45

mediated immune response was in the top five gene functional categories, and canonical
analysis of differentially expressed genes showed that most of the affected pathways
belong to the cellular immune response category.
Another challenge to beef cattle operations utilizing toxic endophyte-infected tall
fescue (TE) is that the soil is often deficient in Se, necessitating the need to provide
supplemental Se (Dargatz and Ross, 1996a). Inorganic Se (ISe, sodium selenite) is the
most commonly supplemented Se in cattle diets, while organic forms of Se (OSe) are also
approved and available for beef cattle diets. The first goal of this study was to test the
hypotheses that a 1:1 blend (MIX treatment) of inorganic (sodium selenite, ISe) and SELPLEX forms of supplemental Se in vitamin-mineral mixes consumed by growing beef
steers grazing endophyte-infected tall fescue forage would ameliorate the negative
immune response parameters associated with fescue toxicosis, including response in
white blood cell (WBC) abundance and gene expression. The second goal was to test the
hypothesis that the MIX form of supplemental Se would also ameliorate the negative
effects of an additional in vitro stressor (lipopolysaccharide challenge) on WBC gene
expression.
4.2

Materials and Methods
All experimental procedures were approved by the University of Kentucky

Institutional Animal Care and Use Committee (IACUC protocol 1007A2006). All steers
had ad libitum access to water, and their respective mineral treatments throughout the
study (except during the 14-hr shrink period on the day before, and after, the grazing
phase).
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4.2.1

Experimental Model
This study is a subset of a larger study (Webb et al., July 2021). Sixteen fescue-

naïve, predominantly Angus, growing steers (285 ± 21.8 kg) were purchased from a
commercial cattle broker and managed under a 154 d, 4-phase (Receiving, Se-depletion,
Se-repletion, Grazing), experimental regimen Figure 4.3.1. During the 14-d receiving
phase, steers were housed in a feedlot shed in groups of 4 steers/pen. Steers had ad
libitum access to a basal vitamin-mineral (BASAL V-M; (Jia et al., 2019); mix that was
formulated to contain 27 mg Se/kg as inorganic Se as sodium selenite (ISe V-M mix) and
to a standard hay (endophyte-free tall fescue and alfalfa), soyhull, and DGGS-based
receiving diet. Next, steers (n = 16, 287 ± 21.8 kg) were subjected to a 21-d Se-depletion
phase wherein they had ad libitum access to the BASAL V-M mix that lacked Se and
were fed enough of an endophyte-free tall fescue and alfalfa hay and grain diet to achieve
0.57 kg/d BW gain. After the depletion phase, steers (n = 16, 307 ± 21.5 kg) were
randomly assigned (n = 8) to have ad libitum access to the BASAL V-M mix that
contained either 27 ppm Se as either sodium selenite (ISe; n = 8, 307 ± 19.1 kg) or a 1:1
blend of ISe and organic Se (SEL-PLEX, Alltech Inc, Nicholasville, KY) forms (MIX; n
= 8, 307 ± 25.1 kg) for 35 d. During this 35-d Se-repletion phase, all steers were fed
enough of the endophyte-free tall fescue and alfalfa hay and grain diet to achieve 0.57 kg
BW gain/d. Finally, within their Se-form treatments (ISe = 332 ± 27.7 kg, n = 8; MIX =
328 ± 28.8 kg, n = 8), 2 steers were randomly assigned to graze one of 4, 2-acre
endophyte-infected tall fescue paddocks for 84 d (May 30 to August 21, 2019).
Throughout this grazing phase, steers had ad libitum access to their respective form of Se
supplement V-M mix and identical 2.4 x 2.4 x 2.4 m shade structures. On day -1 and d 84
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of the grazing period, steers were denied access to water and feed for 14 h to determine
shrunk BW for calculation of ADG throughout the grazing period.
The composition of the BASAL V-M mix (determined by Dairy One Cooperative,
Inc., Ithaca, NY) was 11.2% Ca; 6.3% P; 0.91% S; 2.29% Mg; 0.77% K; 10.2% Na;
1,288 ppm Fe; 2,917 ppm Zn; 1,540 ppm Cu; 3,680 ppm Mn; 1.70 ppm Mo; 250,000
IU/kg vitamin A; and 225 IU/kg vitamin E. The ISe V-M mix contained 24.2 ± 0.27 ppm
Se, and the MIX contained 29.4 ± 4.8 ppm Se, and did not differ (P = 0.14).

4.2.2

Forage Analysis
Forage samples were collected as per Brown et al. (2009) from each of the 8

paddocks (6 sites per paddock) on d -1, 28, 56, and 83 of the 84-d grazing period.
Samples were stored on ice during transportation to the laboratory and then frozen and
stored at -20°C. Within a paddock, samples were pooled across sampling days. Proximate
analysis and mineral content of forage were determined (http://dairyone.com/wpcontent/uploads/2014/02/Forage-Lab-Analytical-Procedures-Listing-Alphabetical-July2015.pdf) by Dairy One Cooperative, Inc. (Ithaca, NY). Ergot alkaloid content
(ergovaline and ergovalinine) was determined by the laboratory of Lowell Bush
(University of Kentucky) using a high-performance liquid chromatography fluorescence
procedure (Carter et al., 2010).

4.2.3

Blood Collection and Analyses
Individual steer jugular vein blood samples were collected by venipuncture on

days 0, 28, 56, and 84 of the grazing phase. For serum prolactin analysis, whole blood
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was collected in serum blood collection tubes (Becton Dickinson) lacking an
anticoagulant. Serum was recovered after centrifugation at 3,000 × g for 10 min at 4 °C,
and stored at -80 °C. Serum prolactin concentrations were quantified by the laboratory of
Dr. Lannett Edwards (University of Tennessee), using a double-antibody RIA as
described previously (Bernard et al., 1993). Low (5 ng/mL) and high (10 ng/mL)
reference samples were included in the RIA. The intra-assay CV was 4.49% and the
inter-assay CV was 8.59%.
For preparation of whole blood, blood was collected in sodium heparin-containing
tubes (Becton Dickinson, Franklin Lakes, NJ). For complete blood cell count (CBC)
analysis, whole blood was collected stored on ice and transported to the Veterinary
Laboratory Diagnosticians approved – University of Kentucky Livestock Disease
Diagnostic Laboratory (Lexington, KY, USA). The concentration of red blood cells
(RBC), white blood cells (WBC), packed cell volume, and hemoglobin in whole blood
was determined using a Hemavet HV 950S cell analyzer (Drew Scientific Inc., Miami
Lakes, FL, USA). The whole blood concentration of neutrophils, lymphocytes,
monocytes, and eosinophils were determined by manual identification and counting of
cells (Feldman et al., 2000). For determination of whole blood Se concentration, blood
was stored at -20 °C until analysis using an Agilent 7900 Inductively Coupled Plasma
Mass Spectrometer (Wahlen et al., 2005) by the University of Kentucky Livestock
Disease Diagnostic Laboratory.
To determine the effect of Se form and summer-long grazing of endophyteinfected tall fescue on WBC gene expression (Experiment 1), whole blood was collected
into TEMPUS TUBES (Invitrogen Corporation, Carlsbad, CA) and stored at -20 °C. To
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determine the effect of in vitro LPS challenge (Experiment 2) on gene expression by
WBC, 3 mL of whole blood was collected into heparin-containing tubes and inoculated
with 6 µL of PBS or E. coli-derived lipopolysaccharide (LPS; 1mg/mL E. coli 0111:B4,
MilliporeSigma, Temecula, CA), incubated in a water bath at 37° C for 2 h, and then
loaded into TEMPUS TUBES and stored at -20 °C.
4.2.4

Real-Time RT-PCR analysis
For both Experiment 1 and Experiment 2, total RNA was extracted using the

TEMPUS Spin RNA isolation kit (Invitrogen) following the manufacturer’s instructions.
The purity and concentration of total RNA samples was analyzed using a NanoDrop ND100 Spectrophotometer (NanoDrop Technologies, Wilmington, DE). All samples had an
average concentration of 90.22 μg/μL. Specifically, in Experiment 1, all samples had an
average concentration of 96.15 ± 36.37 μg/μL, a high purity with 260/280 absorbance
ratios of 2.01 to 2.16 and 260/230 absorbance ratios of 2.12 to 2.79. For Experiment 2, all
samples had an average concentration of 83.21 ± 29.54 μg/μL, a high purity with 260/280
absorbance ratios of 2.05 to 2.18 and 260/230 absorbance ratios of 2.17 to 2.61. The
integrity of total RNA was accessed by gel electrophoresis using an Agilent 2100
Bioanalyzer System (Agilent Technologies, Santa Clara, CA) at the University of
Kentucky Microarray Core Facility. Visualization of gel images and electropherograms
showed that all RNA samples were of high quality. Specifically, Experiment 1 mRNA
had an average 28S/18S rRNA absorbance ratio of 1.65 ± 0.20, and RNA integrity
numbers (RIN) of 9.40 ± 0.30. Experiment 2 had an average 28S/18S rRNA absorbance
ratio of 1.59 ± 0.23, and RIN values of 9.28 ± 0.37.

50

Primer sets (Table 4.3.4) for genes of interest and candidate calibrator genes were
designed using the NCBI Primer- BLAST tool (https://www.ncbi.nlm.nih.gov/tools/
primer-blast/) based on their respective RefSeq sequence
(https://www.ncbi.nlm.nih.gov/refseq/, accessed February to December 2019). All realtime RT-PCR cDNA products were validated by DNA sequencing and were 99% to
100% identical with their RefSeq (https://www.ncbi. nlm.nih.gov/refseq/) sequences
(Figures 4.3.4a (prolactin pathway), 4.3.4b (NF-kB pathway), 4.3.4c (Candidate
Calibration Genes)). Briefly, the PCR-amplified cDNA products were purified using the
PureLink Quick Gel Extraction Kit (Invitrogen, Carlsbad, CA), then sequenced by
Eurofins Genomics (Eurofins MWG Operon LLC, Louisville, KY). The resulting
sequences (Figures 4.3.4a to 4.3.4c) were compared to the NCBI RefSeq mRNA
sequences used as templates for primer pair set design. From 9 candidate calibrator genes
(ACTB, GAPDH, SDHA, UBC, YWHAZ, HPRT1, PPIA, TBP), 3 were determined to be
constitutively-expressed based on their having the lowest average stability M value
(geNorm software v3.5, (Vandesompele et al., 2002); 0.23, YWHAZ, tyrosine 3monooxygenase/tryptophan 5-monooxygenase activation protein zeta; 0.27, UBC,
ubiquitin C; 0.23, SDHA, succinate dehydrogenase complex subunit A flavoprotein).
The relative quantification of mRNA content of genes of interest was performed
using standard procedures in our laboratory, as previously described (Li et al., 2017).
Briefly, 1 µg of each steers whole blood RNA was reversely transcribed to cDNA using
the SUPERSCRIPT IV VILO (SSIV VILO) Master Mix (Invitrogen). Real-time RT-PCR
was performed using an Eppendorf Mastercycler ep realplex2 system (Eppendorf,
Hamburg, Germany) with iQ SYBR Green Supermix (Bio-Rad, Hercules, CA). A total
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volume of 25 µL was used in each real-time RT-PCR reaction containing 5 µL of cDNA,
1 µL of a 10 µM stock of each primer (forward and reverse), 12.5 µL of 2× SYBR Green
PCR Master Mix, and 5.5 µL of nuclease-free water. The relative amount of each
transcript was calculated using the 2−ΔΔCT method (Livak and Schmittgen, 2001),
calibrating mRNA content to the geometric mean of the 3 constitutively expressed genes
and then normalizing calibrated values to day 0 ISe supplemented steers for Experiment 1
(Table 4.4.4a, Table 4.4.4b). For Experiment 2 (Table 4.4.4c, Table 4.4.4d),
constitutively expressed gene-calibrated values were normalized to day 0, non-LPSchallenged ISe supplemented steers.
For the RT-PCR analysis in Experiment 1, n = 12 and 14 for ISe and MIX
treatments, respectively. For Experiment 2, n = 12 and 10 for ISe and MIX treatments,
respectively. All RT-PCR reactions were conducted in triplicate.

4.2.5

Statistical Analysis
Data are presented as least square means (± SD). Paddocks were the experimental

units with 4 paddocks per Se form (n = 4). Comparison of proximate, mineral, and ergot
alkaloid content between paddocks grazed by ISe vs. MIX steers was evaluated by
ANOVA, using the GLM procedure of SAS (v 9.4, SAS Inst. Inc., Cary, NC). The effect
of form of Se supplementation (ISe vs. MIX) and length of grazing endophyte-infected
tall fescue (time, day 0 vs. day 84) on all other experimental parameters was evaluated by
ANOVA, using the MIXED procedure of SAS. The statistical model included Se form,
time, and their interaction as fixed effects. Class variables were Se supplementation and
steer, with steer included in the random statement. The Kenward-Roger adjustment was
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used to calculate the denominator of df (Kenward and Roger, 1997), and the PROC
GLIMMIX procedure of SAS was used to verify the PROC MIXED results. Because no
interactions between form of Se supplementation and time of grazing endophyte-infected
tall fescue, the interaction term was removed and the model re-run. For all analyses,
statistical significance was declared when P ≤ 0.06 and the F-stat ≥ 4.0. For serum
prolactin, data were analyzed after log10 transformation to stabilize variation between d 0
and 84 means.

4.3

Results

4.3.1

Nutrient and Ergot Alkaloid Profiles of Paddock Forage

The composited means of proximate, mineral, and alkaloid analysis of pasture
samples are presented in Table 4.4.1. The mean (n = 4) TDN (59.56, 60.00%), CP
(10.86, 11.79%), NEgain (0.29, 0.30 Mcal/lb.) did not (P > 0.532) differ. Likewise, the
mean (n = 4) ergovaline content (μg/g) between the ISe (0.277 ± 0.143) and MIX (0.280
± 0.092) steer paddocks did not differ (P = 0.971), nor (P = 0.090) did the content of
ergovalinine (ISe, 0.189 ± 0.030; MIX, 0.149 ± 0.025).

4.3.2

Whole Blood Se and Serum Prolactin concentrations

The concentration of Se in whole blood was greater (P = 0.001) for MIX than for ISe
steers, and lesser (P <0.001) after 84 days of grazing E+ forage (Table 4.4.2). No
interaction between Se treatment and day effects was found (P = 0.74). Across days, MIX
steers had 24% greater whole blood Se concentrations than did ISe steers. Across Se
treatments, d 84 Se concentrations were 35% lesser than at d 0.
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The mean serum prolactin concentration decreased (P < 0.01) from day 0 to day 84
and a day x treatment interaction reflected a 98% greater (P = 0.06) prolactin
concentration for MIX than ISe steers at day 84.

4.3.3

Blood Cell Types and Parameters
MIX steers averaged 9.8% more (P = 0.01) RBC across d 0 and 84 than did ISe

steers (Table 4.4.3). Whereas the number of total of WBC, and individual counts of
neutrophils, lymphocytes, and eosinophils, were not affected (P ≥ 0.14) by Se treatment,
84 d of grazing TE, or their interaction. The number of circulating monocytes across both
d was 33% less (P = 0.04) in MIX than ISe steers and 48% less (P = 0.004) at d 84 than 0
across both MIX and ISe steers.
The percent hematocrit and MCV numbers were not affected (P ≥ 0.14) by Se
treatment, 84 d of grazing TE, or their interaction. There was no (P ≥ 0.17) Se treatment
effect, or treatment*day interaction for MCH and hemoglobin, however there was an 8%
(P ≤ 0.004) decrease in MCH, and a 9% (P = 0.005) decrease in hemoglobin after the 84d grazing of TE. The number of MCHC across both d was 3% greater (P = 0.009) in MIX
than ISe steers and 10% less (P < 0.001) at day 84 than 0 across both MIX and ISe steers.

4.3.4

WBC Gene Expression
The template sequences, primer sequences used to generate RT-PCR amplicons,

and amplicon length, % identity, and GenBank accession number of sequence-validated
amplicons used to evaluate the effect of Se form and summer-long grazing of endophyteinfected tall fescue on the relative mRNA content of selected genes in the prolactin
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pathway and NF-kB pathway, and calibrating genes are presented (Table 4.3.4). The
sequences of the amplicons are presented in Figures 4.3.4a (prolactin pathway), 4.3.4b
(NF-kB pathway), and 4.3.4c (Candidate Calibration Genes). All amplicons had at
least 99% identity with their template sequences, thus validating the use of these primers
for RT-PCR analysis of gene expression.

4.3.4.1 Experiment 1
Prolactin pathway (Table 4.4.4a). There was no (P ≥ 0.11) effect of form of Se on
relative mRNA content in whole blood for any gene in the prolactin pathway. In contrast,
there was a day effect (P ≤ 0.05) on expression of 5 of 10 selected genes. For CISH, there
was (P < 0.01) a 76% increase ([1.78 + 1.59]/ [1.07 + 0.85] in expression after summerlong (84 d) grazing of endophyte-infected tall fescue. Similarly, there was a 20% increase
in expression STAT5B. In contrast, there was a decrease (P ≤ 0.05) in expression for
PPIB (21%), AGAP2 (31%), and SPRLR (44%) after steers grazed TE for 84 d.
NF-kB pathway (Table 4.4.4b). There was no (P ≥ 0.07) effect of form of Se on
relative mRNA content in whole blood for any gene in NF-kB pathway. In contrast, there
was a day effect (P ≤ 0.06) on 7 of 10 selected genes. After consumption of TE for 84
days, the relative content of IL-8 (258%), RELA (10%), NFKBIA (126%), TLR4 (74%)
mRNA increased (P ≤ 0.04). In contrast, the relative mRNA content decreased (P ≤ 0.06)
for IKBKG (22%), ZAP70 (20%), and LCK (33%).
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4.3.4.2 Experiment 2
Prolactin pathway (Table 4.4.4c). There was no (P ≥ 0.19) effect of form of Se on
relative mRNA content in whole blood of any of the 10 selected genes in the prolactin
pathway after a 2-h in vitro challenge exposure to LPS. In contrast, there was a day effect
(P ≤ 0.03) on 4 of 10 selected genes. After consumption of TE for 84 days, the relative
content of CISH (57%) increased. In contrast, the relative mRNA content decreased (P ≤
0.01) for PPIB (29%), LPRLR (27%), and SPRLR (37%).
NF-kB pathway (Table 4.4.4d). There was no (P ≥ 0.18) effect of form of Se on
relative mRNA content in whole blood for any of the selected genes in the NF-kB
pathway after a 2-h in vitro challenge exposure to LPS. In contrast, there was a day effect
(P ≤ 0.05) on expression of 4 of 10 selected genes. After 84 d of grazing TE the mRNA
content of IL-8 (76%), TNFa (42%), and TLR4 (51%) increased (P ≤ 0.05). Whereas the
relative mRNA content decreased (P ≤ 0.03) for LCK (27%).

4.4
4.4.1

Discussion
Animal Model
The current study assessed the effect of ad libitum intake of a basal vitamin-

mineral mix that contained 27 mg/kg (27 ppm) of supplemental Se as either the ISe or
MIX forms of Se to growing fescue-naïve beef steers purchased as a group from MN.
Because of their unknown mineral status, all steers were initially managed under a
common mineral management regimen. Upon receipt, all steers had ad libitum access to
the ISe form of Se supplement for 14 d, followed by a 21-d Se-depletion phase consisting
of ad libitum access to the basal vitamin-mineral mix that lacked any form of Se.
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Previous research has shown this regimen results in stabilized concentrations of whole
blood and liver Se (Brennan et al., 2011; Liao et al., 2011). Then, steers had ad libitum
access to their respective ISe or MIX Se form treatments throughout the subsequent 35-d
pre-grazing repletion period, 84-d grazing of TE paddocks period, and 3- to 23-d grazing
of TE while awaiting slaughter.
Within the grazing and slaughter periods, 2 steers grazed each 2-acre TE paddock,
and steers from 1 paddock of each Se form treatment were killed on any given slaughter
day. There was no statistical difference in the mean concentration of ergot alkaloids
(ergovaline plus ergovalinine) between ISe (0.466 ppm) and MIX (0.429 ppm) paddocks,
and the ergot alkaloid concentrations were stable throughout the grazing and slaughter
periods (Webb et al., July 2021).
Whole-animal Se status is commonly determined by measuring the concentration
of Se, or glutathione peroxidase activity, in whole blood, serum, or tissues. Whole blood
Se concentrations are well correlated with Se intake (Hall et al., 2013). In growing cattle,
whole blood Se concentrations are a better proxy for liver Se concentrations than either
serum or red blood cell Se concentrations (Brennan et al., 2011). Although there is no
consensus as to what concentrations of whole blood Se constitute a deficient or sufficient
status, studies by Gerloff (1992) and Dargatz and Ross (1996a) reported that
concentrations greater than 100 ng/mL, or between 81-160 ng/mL are adequate,
respectively. In the current study, across-periods mean whole blood Se concentration
ranged from 147 to 239 and 196 to 281ng/mL in ISe and MIX steers respectively,
indicating that all steers had adequate Se.
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Therefore, as described above, an appropriate animal model was successfully
established to evaluate the potential effect of different forms of supplemental Se
treatments on physiological parameters of Se-adequate beef steers subjected to summerlong grazing of TE pastures.

4.4.2

MIX form of Se supplementation resulted in greater whole blood Se than ISe
In the current study with growing beef steers having ad libitum access to vitamin-

mineral mixes that contained 27 ppm Se as ISe or MIX forms, the whole blood Se
concentration of MIX steers was 27% greater than for ISe steers. This difference is
consistent with previous studies that imposed a controlled intake of vitamin-mineral
mixes that contained 35 ppm ISe of MIX and was consumed in a predetermined amount
to deliver 3 mg Se/d in slow-maturing beef heifers (Brennan et al., 2011) or growing beef
steers grazing TE pastures (Jia et al., 2018). Thus, an important understanding gained
from the current study is that whole blood Se concentrations can be increased by ad
libitum consumption of industry-typical regimen of ad libitum consumption of vitaminmineral mixes containing supplemental Se in the MIX form.

4.4.3

Serum prolactin concentrations

One of the physiological hallmarks of fescue toxicosis is the reduction in serum
prolactin of cattle consuming endophyte-infected tall fescue (Goetsch et al., 1987;
Davenport et al., 1993). For example, serum prolactin concentrations in growing beef
steers subjected to summer-long grazing of high endophyte-infected tall fescue were
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decreased 85% to 90% relative to steers grazing low endophyte-infected forage (Brown et
al., 2009; Jackson et al., 2015). Of note, and as typical for the beef industry, the steers
had ad libitum access to a vitamin-mineral mix that contained the ISe form of
supplemental Se.
The potential differential effects of Se forms on serum prolactin and other
indicators of fescue toxicosis in growing beef steers were recently studied by our lab (Jia
et al., 2018; Jia et al., 2019). Using a controlled consumption of 3 mg Se per day as 100%
ISe, 100% OSe, or MIX (50:50, ISE, MIX) while grazing of TE pasture, implemented
using in-pasture Calan gates, the study found that OSe and MIX steers had 59% and 52%
more serum prolactin than ISe steers, respectively. The intake of supplemental Se was set
at 3 mg per day because that is the maximal legal limit for daily supplemental Se to cattle
allowed by the Food and Drug Administration, and is considered adequate to achieve the
NRC (National Academies of Sciences and Medicine, 2016) recommendation of 0.1
mg/kg of diet.
In the current summer-long grazing study (conducted June to August of 2019)
grazing study, where steers exercised ad libitum intake of Se-containing vitamin-mineral
mixes of 27 ppm ISe or MIX form of Se, serum prolactin concentrations decreased (88%)
from d 0 to d 84 regardless of Se form treatment. This result is consistent with the known
inverse relationship between length of photoperiod and concentration of circulating
prolactin in several species, including cattle (Dahl et al., 2000). In addition to
photoperiod effects, previous research (Aldrich et al., 1993; Jackson et al., 2015; Jia et
al., 2018) has shown that serum prolactin concentrations decrease rapidly after
consumption of TE forages, a decrease that can be partially ameliorated by consumption
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of MIX versus ISe supplemental Se (Jia et al., 2018). Similarly, in the current study with
ad libitum intake of vitamin-mineral mix, serum prolactin was 98% greater for MIX than
ISe steers, after 84 days of grazing TE forage. Thus, in two summer-long grazing studies,
one with a controlled intake of 3 mg per d as ISe or MIX (Jia et al., 2018), and ad libitum
intake of ISe or MIX supplemental Se in vitamin-mineral mixes, the intake of MIX form
of Se ameliorated the negative effects of consuming TE forages containing about 0.50
ppm ergovaline plus ergovalinine.

4.4.4

Circulating Monocyte Abundance Was Decreased by Ergot Alkaloid Consumption

In the current study, there was no change in levels of total WBC, neutrophils,
lymphocytes, or eosinophils with regards to Se treatment or consumption of endophyteinfected tall fescue for 84 d (Table 4.4.3). In contrast, the abundance of circulating
monocytes was decreased. These findings are consistent with another summer-long
evaluation of the effect of consuming TE forage on circulating WBC (Jackson et al.,
2015) in which it was found that monocyte abundance decreased after 36 d of grazing TE
forage. Because monocytes are an important source of circulating IL-8, the physiological
significance of reduced monocyte abundance is that the capacity to recruit neutrophils to
sites of infection may have been reduced by TE consumption (Remick, 2005).
Although neutrophil abundance statistically did not differ in response to TE
consumption, LPS exposure, or their interaction, it is important to note that IL-8 recruits
neutrophils to sites of infection (Remick, 2005). This would be an area for future research
regarding the organs negatively affected by endophyte-infected tall fescue. In a
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transgenic murine study, high levels of human IL-8 led to neutrophil accumulation in
vascular beds of a few organs including the liver (Simonet et al., 1994). As mentioned
above, a previous study by Liao et al. (2015), reported that in the liver, most of the
affected pathways belong to the cellular immune response category. Therefore,
examining WBC levels in liver samples of cattle consuming endophyte infected tall
fescue would further enhance the research done in the current as well as previous studies
(Liao et al., 2015; Jia et al., 2018).

4.4.5

Experiment 1

4.4.5.1 Se form effect on WBC gene expression
The first goal of the present study was to test the specific hypothesis that negative
immune response would be ameliorated by the forms of Se in steers. As described above,
serum prolactin decreased 88% by d 84 and was 98% greater (P < 0.01) for MIX steers
on d 84. However, expression of prolactin pathway (Figures 4.5.5a, b) genes by WBC did
not differ between MIX and ISe steers (Table 4.4.4a). Similarly, expression of genes of
the NF-kB pathway (Figures 4.5.5c, d) (Table 4.4.4b) did not differ between MIX and
ISe steers. Therefore, our initial hypothesis is rejected. However, gene expression in the
prolactin and NF-kB pathways did change after summer-long grazing of endophyteinfected tall fescue, regardless of supplemented Se form.
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4.4.5.2 Consumption of TE forage effect on WBC gene expression
4.4.5.2.1 PROLACTIN PATHWAY
Eighty-four-d consumption of TE forages increased the expression of CISH and
STAT5B, and decreased the expression of PPIB, AGAP2, and the short form of the
prolactin receptor (SPRLR) (Table 4.4.4a; Figure 4.5.5e). In a study in mice, it has been
shown that STAT5A is critical in PRL signaling (Liu et al., 1997), whereas STAT5B is
necessary to maintain liver gene expression (Udy et al., 1997), IL-2 mediated T-cell
proliferation, and NK cell development (Imada et al., 1998; Moriggl et al., 1999).
Relative expression of CISH and STAT5B were found to be upregulated after summerlong grazing of endophyte infected tall fescue. CISH and STAT5B are a part of the JAKSTAT pathway, and cellular signals from the JAK-STAT pathway are involved in
immunity and inflammation (Kaplan, 2013). CISH has been shown to be critical for Tcell proliferation and survival in response to infection (Niu et al., 2017). In the current
study, upregulation of CISH in WBC during consumption of endophyte-infected tall
fescue along with unremarkable changes in lymphocyte values (Table 4.4.3) appear to
agree with previous research regarding T-cell survival. However, more information is
needed to determine if there is a cause and effect with regards to the JAK-STAT pathway
and the adaptive immune response. STAT5 has been shown to induce CISH expression
(Matsumoto et al., 1997), however CISH is a negative modulator of STAT5, therefore
indicating another gene may be responsible for the upregulation of STAT5B in the
current study. The CISH family of proteins are feedback inhibitors for cytokine signaling
and function to limit the duration and/or magnitude of cytokine signaling. CISH
expression can prevent hyper-activation of immune responses, thereby bringing the
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system back to a homeostatic state (Linossi et al., 2018) and obviating dysregulation
associated with chronic inflammation (Yoshimura et al., 2012).
The relative expression of PPIB, AGAP2, and SPRLR genes were found to be
downregulated (Figure 4.5.5e) after consumption of endophyte-infected tall fescue for 84
d. PPIB is a chaperone protein involved in modulating the host immune response (Pandey
et al., 2017). Studies have reported that PPIB might be contributing factor during
inflammation (Bukrinsky, 2002), and suggest that PPIB might recruit T-cell populations
to tissue in vivo therefore regulating inflammatory response (Allain et al., 2002). Thus, a
decrease in circulating PPIB could be due to higher levels of expression in other tissues
being affected by fescue toxicosis. However, further research is needed to validate this
supposition.
Also known as PIKE, AGAP2 has been linked to STAT5A and the PRLR
expression. To date, PIKE has had three forms characterized, with PIKE-A being
expressed by a variety of tissues, whereas PIKE-L and PIKE-S expression is brain
specific (Ahn and Ye, 2005). However, northern blot analysis shows that PIKE-A only
has small mRNA expression in various non-brain organs including the liver, spleen,
thymus, small intestine, and periphery blood leukocytes (Qi and Ye, 2013). AGAP2 has
been designated as PIKE-A (Ahn and Ye, 2005). Importantly, PIKE-A has been
implicated in regulating the activity of STAT5 in the PRL-stimulated JAK-STAT cascade
(Chan et al., 2010). Moreover, bovine pituitary LPRLR mRNA content is decreased by
endophyte consumption, whereas SPRLR mRNA content was not (Li et al., 2017). In
contrast, in the current study, WBC LPRLR was not affected by endophyte consumption,
whereas SPRLR mRNA was reduced. The reduction in SPRLR mimics the reduction in
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circulating PRL after consumption of endophyte infected fescue. However, due to
increasing photoperiod time, PRLR could be reduced due to photoperiod effects.
Although more research is needed to determine the full effects of TE consumption on this
pathway, it is a promising area for future research on different tissue types. Circulating
PRL levels are highly relevant to mRNA levels of PRLR in both the pituitary gland and
hypothalamus, indicating that PRL positively regulates PRLR expression (Leclerc et al.,
2007). It has been well documented that circulating PRL levels are reduced during long
photoperiods, as well as when exposed to endophyte-infected tall fescue. Therefore, it’s
likely the reduction of SPRLR is due to the reduction of circulating PRLR in WBC.
However, it is known that PRL cannot activate the JAK/STAT pathway through the
SPRLR (Binart et al., 2010), therefore suggesting an alternative gene is involved in the
activation of this pathway. However, due to the lack of change in LPRLR, the activation
of JAK/STAT could have stemmed from this gene, as it’s been shown that PRL activates
this pathway through the LPRLR (Goffin et al., 2002).

4.4.5.2.2 NF-KB PATHWAY
The relative expression of IL-8, RELA, NFKBIA, and TLR4 were upregulated
after summer-long grazing of endophyte infected tall fescue (Table 4.4.4b; Figure 4.5.5f).
In humans, IL-8 has been implicated in several inflammatory diseases. The primary
function of IL-8, a potent pro-inflammatory chemokine is to recruit and activate
inflammatory cells, mainly neutrophils to sites of infection (Remick, 2005). As
mentioned previously, monocytes represent an important source of IL-8, however, it can
also be produced via T-lymphocytes and neutrophils (Gessler et al., 2003). High levels of
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IL-8 have been reported after either septic shock or systemic ingestion of endotoxins
(Martich et al., 1991). IL-8 is increased after ingestion of TE, and due to decreasing
monocyte levels, it’s likely the production of IL-8 came from another leucocyte or tissue
type. In addition to monocytes, it can be produced from macrophages, smooth muscle
cells, and endothelial cells that recruit neutrophils, T-cells, and basophils to sites of
infection (Mitchell et al., 2003). Transcription of IL-8 is NF-kB dependent, and acts as a
potent chemoattractant and activator of neutrophils (Sen, 2000).
Many key cellular processes such as cell survival, proliferation, and immunity are
regulated through NF-kB dependent transcription. Dysregulation of NF-kB pathways
result in severe diseases including immunodeficiency (Oeckinghaus and Ghosh, 2009),
and chronic inflammation (Chen and Greene, 2004). In resting cells, NF-kB proteins are
kept in association with IkB proteins including NFKBIA which is the most abundant
(Gupta et al., 2010). In the current study, NFKBIA mRNA content was increased after
consumption of TE (Table 4.4.4b). NFKBIA is primarily believed to inhibit p65
containing complexes (REL A). However the knowledge about the mechanisms leading
to NF-kB activation far exceeds what is known about the regulatory mechanisms that
determine its inactivation (Oeckinghaus and Ghosh, 2009). The best studied and well
accepted mechanism for the inactivation of NF-kB response involves the resynthesis of
IKB proteins that are induced by activated NF-kB (Pahl, 1999). REL A signaling
pathway has been a pivotal point for drug discovery, as disproportionate increase in
activated REL A is integral to many chronic diseases (Giridharan and Srinivasan, 2018).
REL A is subjected to phosphorylation, and like NFKBIA, its increase in mRNA
expression may be due to phosphorylated versions of the gene. This could explain the
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reason why NFKBIA levels increased, as phosphorylated REL A has a lower affinity for
its negative regulator, NFKBIA (Bohuslav et al., 2004). More NFKBIA would be
expected to be produced in a negative feedback loop if the target gene was less
responsive in the phosphorylated form. Activation of NF-kB has been reported to require
the phosphorylation, polyubiquitination, and subsequent degradation of NFKBIA (Gupta
et al., 2010). However, in the current study NFKBIA mRNA content is increased about
100%. Although this expression has increased, it could be due to the phosphorylated
levels of NFKBIA, and further testing is needed to distinguish between the
phosphorylated and unphosphorylated versions.
Whereas TLR4 is typically upregulated in response to LPS exposure, TLR4
mRNA content was increased after consumption of endophyte-infected tall fescue,
without the presence of LPS (Table 4.4.4b). A study using bromocriptine in place of
ergot alkaloids showed that TLR4 expression was upregulated in the top 30 regulators for
both the intestinal epithelium and mesenteric adipose tissue (McLean et al., 2020). The
current study showcases an increase in TLR4 expression by WBC in response to
consumption of endophyte infected fescue.
In contrast to the aforementioned NF-kB pathway genes, the expression of
IKBKG, ZAP70, and LCK genes were decreased (Table 4.4.4b; Figure 4.5.5f) after
summer-long grazing of endophyte infected tall fescue. IKBKG encodes the regulatory
subunit of the inhibitor of kappaB kinase (IKK) complex, which activates NF-kB,
resulting in the downstream activation of genes involved in inflammation, immunity, cell
survival, and other pathways. The classical NF-kB pathway depends on IKK complex
consisting of IKKα, IKKβ, IKKγ (IKBKG) and the inhibitory subunit IκBs (Gupta et al.,
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2010). Although it is known that IKBKG (a.k.a. NEMO) is required for the formation of
a high molecular weight IKK complex, the exact role of this in IKK activation remains
unclear (Tang et al., 2003). It has been proposed that IKBKG may link upstream
activators to the IKK complex, due to its interaction with a variety of signaling molecules
(Tang et al., 2003). NF-kB is involved in both the adaptive and innate immune
responses. Immunodeficiency associated with IKBKG mutations results from an impaired
NF-kB activation after stimulation by various receptors such as TLR (Fusco et al., 2015).
However, it has also been reported that ubiquitin binding by IKBKG is essential for IKK
activation (Chen and Chen, 2013), which could be the reason for the decreased mRNA
expression found in the current study. Determination of the length of IKBKG that was
being expressed due to polyubiquitination would help understand the reasoning behind
this finding.
LCK is a lymphocyte-specific protein tyrosine kinase. Whereas genes in the same
family as LCK have been implicated in many intracellular signaling pathways in
macrophages, LCK expression is initiated by a diverse set of receptors, including the
TLR family. However, it has been difficult to implicate any given LCK family member
in any specific pathway (Abram and Lowell, 2008). LCK tends to be more restricted to
cells of hematopoietic origin. In the current study, LCK expression was decreased after
consumption of infected tall fescue (Table 4.4.4.b). In T-cells, LCK is critical to the early
propagation and modulation of T-cell receptor (TCR) signaling. LCK protein is expressed
at a fairly constant level throughout T-cell development and is largely constitutively
active in resting T lymphocytes (Rossy et al., 2012). TCR signaling relies on the
phosphorylation by LCK of receptor complex at immunoreceptor tyrosine-based
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activation motif (ITAM) consensus sites (Rossy et al., 2012). ZAP70 is then recruited by
ITAMs and requires additional phosphorylation by LCK to be activated (Wange and
Samelson, 1996; Palacios and Weiss, 2004). Subsequently, ZAP70 phosphorylates other
proteins in the TCR cascade, leading to T-cell activation. The current study showed a
decrease in both LCK and ZAP70 mRNA after consumption of infected tall fescue. This
finding suggests a reduction in the adaptive immune response in cattle grazing
endophyte-infected tall fescue due to the decreased expression of both TCR-activating
genes. While TCR activation has no impact on LCK activity, it is not unreasonable that
while lymphocyte levels did not change LCK expression decreased. Given that IL-8 can
be produced from T-lymphocytes, and the reduction in both TCR activating genes LCK
and ZAP70, these findings suggest that neutrophils are the source of IL-8 production
during the consumption of endophyte-infected fescue.
Statistically (P = 0.07), TNFa mRNA content was not affected by consumption of
TE forages (Table 4.4.4b). Quantitatively, however, TNFa mRNA content increased by
81%. Consistent with this quantitative increase, TNFa expression is typically upregulated
in cattle grazing endophyte-infected fescue, a phenomenon most recently reported by
(Poole et al., 2019).

4.4.6

Experiment 2

4.4.6.1 Se form effect on WBC gene expression after in vitro LPS challenge
The second goal of the present study was to test the specific hypothesis that the
MIX Se form treatment would ameliorate the effects of an additional stressor, LPS, in
addition to the negative immune response in cattle grazing endophyte-infected tall fescue.
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Cytokines are produced by leukocytes in response to exposure to bacterial toxins (Qazi et
al., 2011). To test this hypothesis, the blood of ISe and MIX steers was inoculated with
LPS after collection, at day 0 and day 84. Selenium form did not affect expression of
prolactin (Table 4.4.4c) nor NF-kB (Table 4.4.4d) pathway genes after in vitro LPS
challenge. Along with the findings of Tables 4.4.4a and 4.4.4b, these results indicate that
total WBC gene expression is not affected by the form of ad libitum-accessed
supplemental Se consumed by Se-adequate beef steers grazing TE forages.
4.4.6.2 Consumption of TE forage effects on WBC gene expression after in vitro LPS
challenge
4.4.6.2.1 PROLACTIN PATHWAY
LPS is used as a substitute to induce physical stress. The combination of a LPSinduced physical stress in conjunction with consumption to ergot alkaloids leads to poor
growth performance and could potentially compromise expression of genes important to
optimal immune function in steers, including an acute-phase immune response,
compromising growth performance (Carroll et al., 2009; Arthington et al., 2013).
The expression of CISH was increased (Figure 4.5.6a) after consumption of
endophyte-infected tall fescue with LPS as an additional stressor. CISH is part of the
JAK-STAT pathway, and cellular signals from this pathway are involved in immunity
and inflammation (Kaplan, 2013). CISH has been shown to be critical for T-cell
proliferation and survival in response to infection (Niu et al., 2017). In the current study,
upregulation of CISH in WBC during consumption of endophyte-infected tall fescue
along with unremarkable changes in lymphocyte values (Table 4.4.3) appear to agree
with previous research regarding T-cell survival. However, more information is needed to
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determine if there is a cause and effect with regards to the JAK-STAT pathway and the
adaptive immune response. CISH is a negative modulator of STAT5, therefore
suggesting a role in the unremarkable expression levels of STAT5A and STAT5B after
exposure to LPS. A study by Jiang et al. (2020) showed that in carp hepatocytes,
incubation with LPS induced rises in CISH mRNA levels. With CISH being a feedback
inhibitor for cytokine signaling, their inhibitory effects are mediated through the
JAK/STAT pathway (Yoshimura et al., 2018).
In contrast to CISH, the expression of PPIB, LPRLR, and SPRLR genes were
decreased (Figure 4.5.6a) after exposure to LPS. PPIB is a chaperone protein involved in
modulating the host immune response (Pandey et al., 2017). Studies have reported that
PPIB might be contributing factor during inflammation (Bukrinsky, 2002), and suggest
that PPIB might recruit T-cell populations to tissue in vivo therefore regulating
inflammatory response (Allain et al., 2002). A decrease in circulating PPIB could be due
to higher levels of expression in other tissues being affected by fescue toxicosis and LPS,
however, further research is needed. PPIB also is known as cyclophilin B (CypB). It has
been shown that LPS-stimulated macrophages did not have a modified response to CypB
when added simultaneously. However, when added prior to LPS exposure, production of
pro-inflammatory cytokines decreased (Marcant et al., 2012). Although these findings by
Marcant et al. (2012) suggest that CypB may act as an anti-inflammatory factor and
mediate tolerance to cells exposed to proinflammatory stimuli, the current study indicates
that consumption of infected tall fescue reduces the expression of PPIB, thereby
indicating an increase in inflammatory responses in cells exposed to LPS, an indication
strengthened by an increase in CISH, TNFa, and IL-8.
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A murine study showed that expression of L-PRLR mRNA was predominantly in
adrenal glands, pituitary, thymus, spleen, skin, heart, and skeletal muscle, whereas
SPRLR was expressed to a greater extent in both the kidney and lung (Ouhtit et al.,
1993). In the current study, the detection of both SPRLR and LPRLR mRNA (Tables
4.5.5e and 4.5.6a) demonstrates that both the short and long form of SPRLR and LPRLR
are expressed by bovine WBC. Because SPRLR was decreased after 84 d of grazing in
both Experiment 1 (Table 4.5.5e) and Experiment 2 (Table 4.5.6a) the SPRLR gene may
be insensitive to LPS challenge. In contrast, however, because LPRLR was not affected
by consumption of ergot alkaloids (Table 4.5.5e) but was after the additional stress of
LPS challenge, LPRLR expression appears sensitive to LPS challenge. This conclusion is
consistent with the demonstration of decreased mouse LPRLR mRNA and protein after
LPS challenge (Corbacho et al., 2004). Thus, a salient understanding from the current
study is that the regulation of bovine PRLR isoforms may be differentially sensitive to
physiological stressors in at least WBC.

4.4.6.2.2 NF-KB PATHWAY
The expression of IL-8, TLR4, and TNFa genes was increased (Figure 4.5.6b)
after consumption of endophyte-infected tall fescue with LPS as an additional stressor. In
contrast the content of LCK mRNA was decreased (Figure 4.5.6b).
In a previous study, it was reported that chronic exposure to ergot alkaloids
suggests a hyperactive innate immune response like inflammation, which may lead to
immune-compromised animals having greater susceptibility to disease (Poole et al.,
2019). In the current study, summer-long grazing of endophyte infected tall fescue
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increased concentrations of proinflammatory cytokine and chemokine TNFa and IL-8
respectively. Primarily proinflammatory cytokines act to mediate innate immune
response and mediators such as TNFa induce a family of chemokines including IL-8
(Graves and Jiang, 1995b). IL-8 represents an important event in the inflammatory
cascade (Graves and Jiang, 1995a). IL-8 production is induced by pro-inflammatory
agents such as TNF and LPS (Barnes et al., 1992; Tamura et al., 1992). IL-8 is critical for
recruitment of leukocytes to the site of infection and is upregulated in response to LPS
via the TLR4 pathway (Dentener et al., 1993). Given these understanding, IL-8 and
TLR4 expression would be expected to increase after a LPS challenge. Consistently, both
IL-8 and TLR4 mRNA content was increased in response to the in vitro LPS challenge
(Table 4.5.5f).
In healthy tissues, IL-8 is scarcely detectable, but upon response to
proinflammatory cytokines or bacterial products, it is rapidly induced up to 100-fold
(Hoffmann et al., 2002). TNFa expression was also increased in the current study, and
has been shown to help enhance IL-8 secretion in the presence of LPS (Sohn et al., 2007).
It is likely that both TNFa and LPS were key mediators in IL-8 expression in this
experiment. The current findings of increased TNFa expression in the presence of LPS
are also supported by a previous study showing increased serum TNFa concentrations in
cattle grazing endophyte infected tall fescue following LPS administration (Filipov et al.,
1999b).
TLR dependent activation of monocyte/macrophage release of TNFa is considered
a key driver of subsequent inflammation (Marcant et al., 2012). Recognition of LPS by
immune system cells is mediated through TLR4 (Hoshino et al., 1999). Primarily, these
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receptors are expressed by macrophages, and generate an initial inflammatory response
by binding LPS. LPS binds to TLR4 in a complex that results in phosphorylation of NFkB components, leading to the production of pro-inflammatory cytokines such as TNFα,
and chemokines such as IL-8 (Bromfield and Sheldon, 2011). In the present study, TLR4
was found to be increased after exposure to LPS and TE-infected fescue, corroborating
previous findings. Cytoplasmic tyrosine kinase Src family members (LCK) have been
implicated in many intracellular signaling pathways in macrophages, initiated by a
diverse set of receptors including the toll-like receptors (Abram and Lowell, 2008).
Amongst some of the family members, LCK tends to be more restricted to cells of
hematopoietic origin. In the current study, LCK expression was found to be decreased
after consumption of infected tall fescue after exposure to LPS. Although LCK is
required for ZAP70 activation, it is interesting that there was no significant change in
ZAP70 expression after LPS exposure.

4.5

Summary
In summary, fescue naïve steers subjected to summer-long grazing of toxic

endophyte-infected tall fescue supplemented with MIX form of Se had higher whole
blood Se, serum prolactin, and red blood cell concentrations than ISe-supplemented
steers. In contrast, the form of Se supplementation did not affect WBC gene expression
in either the prolactin or NF-kB pathways, in both Experiments 1 and 2. However, for
Experiment 1, consumption of toxic-infected tall fescue altered WBC gene expression in
both the prolactin and NF-kB pathways. In the prolactin pathway, mRNA expression of
CISH and STAT5B increased, whereas PPIB, AGAP2, and SPRLR mRNA expression
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decreased. In the NF-kB pathway, IL-8, RelA, NFKBIA, and TLR4 mRNA expression
increased, whereas IKBKG, Zap70, and LCK expression decreased. This suggests a
reduced adaptive immune response in steers consuming TE pasture.
For Experiment 2, consumption of TE with in vitro LPS resulted in an increased
inflammatory response to LPS. In the prolactin pathway, CISH mRNA expression
increased, whereas PPIB, LPRLR, and SPRLR mRNA expression decreased thus,
indicating that bovine PRLR isoforms are differentially sensitive to physiological
stressors in WBC when exposed to LPS. In the NF-kB pathway, IL-8, TNFa, and TLR4
mRNA expression was increased by LPS challenge, whereas LCK mRNA expression
was decreased. The increase in CISH, IL-8, and TNF-a indicate an increased
inflammatory response in cattle consuming TE when exposed to LPS.

4.6

Future Research
Additional research is needed on the WBC components: neutrophils,

lymphocytes, basophils, eosinophils, and monocytes. Research on genes in both the NFkB and prolactin pathways necessary for gene function that are not indicated by the
current pathways is needed to enhance the overall impact of TE consumption and
additional stress on cattle. For example, interleukin 2 (IL2) determines immediate T-cell
response, maturation of macrophages, as well as proliferation of B cells and natural killer
cells (Lin and Leonard, 1997); and its function is linked to CISH. Further research is also
needed on the same pathways studied in this paper in liver cells to determine the
significance of their function in conjunction with a previous corresponding paper by Liao
et al. (2015). Additionally, due to increased IL-8 expression, measuring neutrophil
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concentration, as well as other WBC components in other tissues such as kidney, liver,
and SI would be an area for future research. Furthermore, looking at macrophage levels
in addition to monocytes could show why circulating monocyte levels decrease during
exposure to TE. Other forms of research including nanostring, microarray, and
immunohistochemistry would be useful to complement the research done in this study.
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Table 4.3.4. Primer sets used for quantitative real-time RT-PCR analysis of the selected target genes in the prolactin and NF-kB
pathway.
Gene

Gene name1

Primer &
Accession
number2

ZAP70

Zeta chain of T
cell receptor
associated protein
kinase 70

NM_001193017.3
Forward
Reverse

TCTTCTACGGCAGCATCTCG
CGTCGCGAAGGTTGTCAAAT

LCK protooncogene, Src
family tyrosine
kinase

NM_001034334.1
Forward

CCACTGGATGGCAAGACCAC

Reverse

CGCTTTGGCCACAAAGTTGA

TNF receptor
associated factor 6

NM_001034661.2
Forward
Reverse
NM_001080242.2
Forward
Reverse

LCK

TRAF6
RELA

NFKBIA

NFKB1

RELA protooncogene,
NF-kB subunit
NF-kB inhibitor
alpha

NM_001045868.1
Forward
Reverse

Nuclear factor
kappa B subunit 1

NM_001076409.1
Forward
Reverse

Sequence (5' to 3' direction)

Amplicon
length
(bp)

Product
identity
(%)3

NCBI
submission/
accession

333

100%

2425986/
MW574631

273

100%

2425986/
MW574624

234

100%

2425986/
MW574634

395

100%

2322006/
MT180971

317

100%

2322006/
MT180972

336

100%

2322006/
MT180974

TACTCCGTGGCTGAAAACCC
CAGCTGTGAGGCAAAACCAC
TGTATTTCACGGGACCAGGC
GGTGCTGAGAGATGGCGTAA
TGCAGGCCACCAACTACAAT
CGGCAGTGTCTGAAGGTTCT
CCCCACGTATGGCGGAATTA
TTCACGTCTCCTGTCACTGC
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Table 4.3.4 (continued)
IKBKG

Inhibitor of
nuclear factor
kappa B kinase
regulatory subunit
gamma

NM_174354.3
Forward
Reverse

TCCACTGTGTGAGATGGTGC
CTTGTCCTCAGCCATCTGCT

Toll like receptor
4

NM_174198.6
Forward
Reverse

CAACCAAGATGCTGGACCTG
AAAAGGCTCCCCAGGCTAAA

TNFa

Tumor necrosis
factor alpha

NM_173966.3
Forward
Reverse

AAGTAACAAGCCGGTAGCCC
ACTGAGGCGATCTCCCTTCT

IL-8

C-X-C motif
chemokine ligand
8 (CXCL8)

NM_173925.2
Forward
Reverse

CCAATGGAAACGAGGTCTGC
CACACAGAACATGAGGCACTG

Short prolactin
receptor

NM_174155.3
Forward
Reverse
NM_001039726.2
Forward
Reverse
NM_001192039.1
Forward
Reverse

TLR4

s-PRLR
l-PRLR
AGAP2

PPIB

Long prolactin
receptor
ArfGAP with
GTPase domain,
ankyrin repeat and
PH domain 2
Peptidylprolyl
isomerase B

NM_174152.2
Forward
Reverse

394

100%

2322006/
MT180973

204

100%

2425986/
MW574637

376

100%

2425986/
MW574635

206

99%

2425986/
MW574636

276

100%

2425986/
MW574627

266

100%

2425986/
MW574625

285

100%

2425986/
MW574632

255

100%

2425986/
MW574626

TTGTGCAGATTCGCTGCAAG
TAGACACAAGGCGAGAAGGC
GGAGTCAGAAGGCTGCAGTT
ACAGAGTCAGGTTTTGCGCT
GCCAAGCGCAAAATGTGGAA
CACGCAGATTGAGTTCCCCT

AGGTGTACTTTGACCTGCGA
GCTTGAAGTTCTCATCGGGGA
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Table 4.3.4 (continued)
STAT5A
STAT5B

SOCS2

SOCS3

IRF1
CISH

SDHA

Signal transducer
and activator of
transcription 5A
Signal transducer
and activator of
transcription 5B

NM_001012673.1
Forward
Reverse
NM_174617.4
Forward
Reverse

Suppressor of
cytokine signaling
2

NM_177523.2
Forward
Reverse

Suppressor of
cytokine signaling
3

NM_174466.2
Forward
Reverse

Interferon
regulatory factor 1

NM_001191261.2
Forward
Reverse
NM_001046586.1
Forward
Reverse

Cytokine inducible
SH2 containing
protein
Succinate
dehydrogenase
complex
flavoprotein
subunit A

NM_174178.2
Forward
Reverse

296

100%

2425986/
MW574630

240

100%

2425986/
MW574633

294

100%

2425986/
MW574628

318

100%

2425986/
MW574629

377

100%

2425986/
MW574623

285

100%

2425986/
MW574622

185

99%

NA

CGGATACGTGAAGCCACAGA
CTCTGCCGGGGGTAAAGAGA
CCACAGATCAAGCAGGTGGT
CCACTGACTGTCCATGGGTC
CGGGAACTCAGTCACACAGG
TGTCCGCTTATCCTTGCACA
TGGTCACCCACAGCAAGTTT
CGCTCTGGAGAGAGAAGCTG
TATGGGGAATACAGCCCCGA
TGGGCCCCAGGTTCATTAAG
GAGCTGCCCCAGCAAGTTAT
GGTCTTGACGGACAGTGTGA
GCAGAACCTGATGCTTTGTG
CGTAGGAGAGCGTGTGCTT
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Table 4.3.4 (continued)
YWHAZ

UBC

1
2

Tyrosine 3monooxygenase/
tryptophan 5monooxygenase
activation protein
zeta
Ubiquitin C

NM_174814.2
Forward
Reverse

NM_001206307.1
Forward
Reverse

208

99%

NA/
MK396254

258

100%

NA

TTGATCCCCAACGCTTCACA
AGTTAAGGGCCAGACCCAGT

TAGGGGTGGGTTAGAGTTCAAG
ACCACCTCCCTGCTGGTATT

Each gene was retrieved using the NCBI RefSeq database for Bos Taurus

The contents in this column associated with each gene symbol are the accession numbers of the sequences retrieved from the NCBI
RefSeq database and are used as templates for designing primers.
3

All real-time RT-PCR products were validated by sequencing. The identity values (%) presented are the base-pair ratios between the
number of identical base pairs and total amplicon length
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Table 4.4.1. Proximate, mineral, and alkaloid analysis of composited endophyte-infected
tall fescue paddock samples (DM basis) grazed by steers with ad libitum access to freechoice vitamin-mineral mixes containing either inorganic (ISe) or a 1:1 blend of ISe and
organic (MIX) forms of Se1
Item
Proximate analysis
DM, %
TDN, %
CP, %
ADF, %
NDF, %
NEgain, Mcal/lb.
Mineral analysis
Ca, %
P, %
Mg, %
K, %
Na, %
Fe, ppm
Zn, ppm
Cu, ppm
Mn, ppm
Mb, ppm
Se, ppm
Ergot alkaloid
analysis
Ergovaline, µg/g
Ergovalinine, µg/g

1

ISe

SD

MIX

SD

P-value

27.68
59.56
10.86
38.39
62.52
0.29

2.19
0.87
2.93
2.29
1.99
0.01

25.74
60.00
11.79
36.31
61.43
0.30

0.90
1.55
3.04
3.40
4.70
0.02

0.153
0.675
0.532
0.350
0.683
0.731

0.49
0.39
0.26
2.38
0.02
360
18.6
6.88
52.4
1.71
0.05

0.10
0.05
0.06
0.23
0.007
120
4.78
2.63
8.28
0.63
0.02

0.50
0.40
0.26
2.03
0.02
451
20.9
7.31
53.2
1.87
0.04

0.13
0.08
0.06
0.44
0.008
137
5.47
2.21
9.31
0.66
0.01

0.880
0.795
0.939
0.781
0.837
0.352
0.588
0.808
0.900
0.744
0.609

0.277
0.189

0.143
0.030

0.280
0.149

0.092
0.025

0.971
0.086

Values are the least square means (± SD) of pooled (d -1, 28, 56, and 83) forage sample

from ISe (n = 4) and MIX (n = 4) paddocks. Samples were obtained systematically from
6 sites • paddock-1·d-1.
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Table 4.4.2. Whole blood selenium and serum prolactin concentrations of steers grazing endophyte-infected tall fescue and with ad
libitum access to free-choice vitamin-mineral mixes containing either inorganic (ISe) or a 1:1 blend of ISe and organic (MIX) forms of
selenium1

Item, ng/mL

Se Trt

Day 0

SD

Day 84

SD

Whole blood
Se, ng/mL

ISe
MIX

239
281

16.4
25.6

147
196

22.3
20.4

Serum
prolactin2,
ng/mL

ISe
MIX

131
105

67.9
62.4

9.75
19.3

4.52
4.31

1

Values are the least square means (n = 4, ± SD) of ISe and MIX treatments.

2

Whereas actual means and SD are reported, data were analyzed after log10 transformation.

3

F-value is = 4.15.

TRT

p-value
DAY

DAY*TRT3

0.001

<0.001

0.74

0.31

<0.0001

0.06
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Table 4.4.3. Blood cell types and parameters of steers grazing endophyte-infected tall fescue and with
ad libitum access to free-choice vitamin-mineral mixes containing either inorganic (ISe)
or a 1:1 blend of ISe and organic (MIX) forms of selenium1
p-value
Item
Se Trt
Day 0
SD
Day 84
SD
TRT
DAY DAY*TRT
Red blood cells
ISe
7.30
0.25
7.13
0.58
0.01
0.70
0.69
1 x 106/uL
MIX
7.85
0.37
7.85
0.39
White blood
cells,
1 x 103/uL

ISe
MIX

8.85
8.63

1.35
0.36

8.36
9.86

1.43
1.41

0.32

0.55

0.19

Segmented
neutrophils,
1 x 103/uL

ISe

3.64

0.95

3.26

1.43

0.15

0.57

0.21

MIX

3.75

0.33

4.71

1.01

Lymphocytes,
1 x 103/uL

ISe
MIX

5.35
5.14

0.96
0.34

5.67
4.30

1.48
0.85

0.14

0.62

0.26

Monocytes,
1 x 103/uL

ISe
MIX

0.84
0.60

0.10
0.32

0.48
0.28

0.13
0.13

0.04

0.004

0.85

Eosinophils,
1 x 103/uL

ISe
MIX

0.26
0.63

0.23
0.34

0.61
0.68

0.30
0.20

0.15

0.17

0.30

Hematocrit, %

ISe
MIX

0.29
0.30

0.02
0.03

0.29
0.31

0.03
0.03

0.24

0.78

0.58

Hemoglobin,
g/dL

ISe
MIX

11.94
12.64

0.80
1.10

10.73
11.58

1.14
1.11

0.17

0.05

0.89

MCV2, fL

ISe
MIX

39.84
38.01

1.12
1.84

40.26
39.45

1.20
2.30

0.14

0.29

0.56

MCH2, pg

ISe
MIX

16.36
16.09

0.60
0.78

15.04
14.73

0.52
0.98

0.44

0.004

0.96

MCHC2, g/dL

ISe
MIX

41.03
42.31

0.40
0.19

37.36
37.38

0.27
0.66

0.009

<0.001

0.01

1

Values are the least square means (n = 4, ± SD) of blood samples collected from ISe (n = 4) and MIX

(n = 4) steers.
2

MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular

hemoglobin concentration
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Table 4.4.4a. Analysis of genes in the prolactin pathway in Experiment 11
Gene

Day 0

SD

Day 84

SD

ISe
MIX

1.07
0.85

0.30
0.08

1.78
1.59

0.53
0.57

0.35

<0.01

IRF1

ISe
MIX

1.03
0.98

0.18
0.19

1.11
1.15

0.19
0.06

0.96

0.17

SOCS2

ISe
MIX

1.00
1.16

0.38
0.17

1.30
1.16

0.45
0.08

0.97

0.36

SOCS3

ISe
MIX

1.04
0.94

0.26
0.37

1.21
1.39

0.31
0.53

0.83

0.13

STAT5A

ISe
MIX

1.01
1.00

0.14
0.07

1.02
1.05

0.11
0.12

0.85

0.67

STAT5B

ISe
MIX

1.03
0.93

0.13
0.07

1.14
1.21

0.06
0.20

0.83

0.01

PPIB

ISe
MIX

1.03
1.05

0.10
0.08

0.82
0.82

0.08
0.06

0.81

<0.01

AGAP2

ISe
MIX

1.18
0.85

0.42
0.23

0.79
0.61

0.26
0.23

0.11

0.05

LPRLR

ISe
MIX

1.05
1.06

0.13
0.12

1.07
1.07

0.18
0.12

0.92

0.86

SPRLR

ISe
MIX

1.09
1.10

0.22
0.20

0.57
0.66

0.14
0.17

0.65

<0.01

Experiment 1
CISH

1

p-value
TRT
DAY

Se Trt

Values are the means (n = 4, ± SD) relative to ISe day 0, steer expression of prolactin pathway genes

analyzed via blood samples collected on d 0 and 84 from predominately Angus, fescue-naïve steers
supplemented with inorganic (ISe) or a 1:1 blend of ISe and organic (MIX) forms of selenium in freechoice vitamin-mineral mixes.
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Table 4.4.4b. Analysis of genes in the NF-kB pathway in Experiment 11
Gene

Day 0

SD

Day 84

SD

ISe
MIX

1.13
1.66

0.58
1.11

5.14
4.87

1.36
2.53

0.86

<0.01

TNFa

ISe
MIX

1.12
1.22

0.83
0.30

1.81
1.71

0.70
0.46

0.99

0.07

REL A

ISe
MIX

1.03
1.05

0.11
0.06

1.11
1.19

0.13
0.02

0.28

0.04

NFKB1

ISe
MIX

1.2
1.14

0.11
0.18

1.06
1.12

0.30
0.18

0.39

0.91

IKBKG

ISe
MIX

1.06
1.03

0.18
0.06

0.81
0.83

0.23
0.05

0.92

0.01

NFKBIA

ISe
MIX

1.02
1.18

0.41
0.23

2.06
2.91

0.63
1.03

0.15

<0.01

TRAF6

ISe
MIX

1.04
0.92

0.14
0.03

1.10
1.02

0.13
0.06

0.07

0.15

TLR4

ISe
MIX

1.12
1.04

0.32
0.14

1.89
1.87

0.42
0.23

0.75

<0.01

ZAP70

ISe
MIX

1.12
1.17

0.30
0.15

0.90
0.93

0.27
0.11

0.71

0.06

LCK

ISe
MIX

1.08
0.91

0.26
0.06

0.69
0.65

0.21
0.15

0.30

<0.01

Experiment
1
IL-8

1

p-value
TRT
DAY

Se Trt

Values are the means (n = 4, ± SD) relative to ISe day 0, steer expression of NF-kB pathway genes

analyzed via blood samples collected on d 0 and 84 from predominately Angus, fescue-naïve steers
supplemented with inorganic (ISe) or a 1:1 blend of ISe and organic (MIX) forms of selenium in freechoice vitamin-mineral mixes.
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Table 4.4.4c. Analysis of genes in the prolactin pathway in Experiment 21
Gene

Day 0

SD

Day 84

SD

ISe
MIX

6.34
4.53

1.48
0.85

8.75
8.31

1.06
4.25

0.34

0.03

IRF1

ISe
MIX

1.76
1.74

0.14
0.47

1.48
1.54

0.10
0.34

0.90

0.13

SOCS2

ISe
MIX

1.02
1.19

0.38
0.06

1.05
0.91

0.43
0.24

0.93

0.49

SOCS3

ISe
MIX

11.93
10.39

3.45
3.06

10.11
11.16

2.98
3.24

0.89

0.76

STAT5A

ISe
MIX

2.10
2.10

0.18
0.39

2.05
1.86

0.17
0.20

0.26

0.47

STAT5B

ISe
MIX

1.22
1.13

0.08
0.22

1.36
1.35

0.02
0.29

0.60

0.09

PPIB

ISe
MIX

0.96
1.02

0.10
0.09

0.70
0.70

0.07
0.10

0.53

<0.01

AGAP2

ISe
MIX

0.90
0.82

0.71
0.21

0.91
0.78

0.36
0.33

0.68

0.94

LPRLR

ISe
MIX

1.07
0.17

0.07
0.08

0.85
0.78

0.21
0.17

0.89

<0.01

SPRLR

ISe
MIX

0.84
1.01

0.18
0.31

0.51
0.65

0.16
0.23

0.19

0.01

Experiment
2
CISH

1

p-value
TRT
DAY

Se Trt

Values are the means (n = 4, ± SD) relative to ISe day 0, non-LPS-challenged steer expression of

prolactin pathway genes analyzed via blood samples collected on d 0 and 84 from predominately Angus,
fescue-naïve steers supplemented with inorganic (ISe) or a 1:1 blend of ISe and organic (MIX) forms of
selenium in free-choice vitamin-mineral mixes.
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Table 4.4.4d. Analysis of genes in the NF-kB pathway in Experiment 21
Gene

p-value
TRT
DAY

Se Trt

Day 0

SD

Day 84

SD

ISe
MIX

12.96
11.21

5.85
5.89

20.69
21.98

2.43
9.20

0.95

0.02

TNFa

ISe
MIX

4.20
3.26

1.64
0.16

5.40
5.16

0.24
1.25

0.32

0.02

REL A

ISe
MIX

1.26
1.30

0.08
0.01

1.32
1.44

0.10
0.16

0.18

0.12

NFKB1

ISe
MIX

3.86
4.32

0.87
1.00

4.70
5.19

0.79
0.84

0.32

0.09

IKBKG

ISe
MIX

0.84
0.90

0.19
0.04

0.72
0.75

0.18
0.05

0.52

0.08

NFKBIA

ISe
MIX

5.83
5.31

1.58
0.58

6.05
6.69

0.15
1.54

0.92

0.22

TRAF6

ISe
MIX

0.99
0.92

0.12
0.03

1.01
0.94

0.18
0.10

0.27

0.76

TLR4

ISe
MIX

2.20
1.93

1.14
0.44

2.88
3.34

0.40
1.24

0.85

0.05

ZAP70

ISe
MIX

0.99
1.13

0.24
0.13

0.95
0.89

0.35
0.15

0.78

0.09

LCK

ISe
MIX

0.82
0.74

0.18
0.06

0.57
0.57

0.18
0.18

0.68

0.03

Experiment
2
IL-8

1

Values are the means (n = 4, ± SD) relative to ISe day 0, non-LPS-challenged steer expression of NFkB pathway genes analyzed via blood samples collected on d 0 and 84 from predominately Angus,
fescue-naïve steers supplemented with inorganic (ISe) or a 1:1 blend of ISe and organic (MIX) forms of
selenium in free-choice vitamin-mineral mixes.
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Figure 4.3.1 Flow chart of experimental regimen and steer assignment
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Figure 4.5.5a Prolactin pathway overview1

1

Large overview of the prolactin pathway created with PathVisio, adapted from

(Radhakrishnan et al., 2012a)
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Figure 4.5.5b Prolactin pathway with selected genes1

1

Selected genes in the prolactin pathway created with PathVisio, adapted from

(Radhakrishnan et al., 2012a)
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Figure 4.5.5c NF-kB pathway overview1

1

Large overview of the NF-kB pathway created with PathVisio, adapted from Creative Diagnostics
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Figure 4.5.5d NF-kB pathway with selected genes1

1

Selected genes in the NF-kB pathway created with PathVisio, adapted from creative

diagnostics
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Figure 4.5.5e Prolactin pathway gene expression Experiment 11

1

WBC mRNA abundance of PRL pathway genes in Experiment 1
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Figure 4.5.5f NF-kB pathway gene expression Experiment 1 1

1

WBC mRNA abundance of NF-kB pathway gene expression in Experiment 1
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Figure 4.5.6a Prolactin pathway gene expression Experiment 21

1

WBC mRNA abundance of PRL pathway gene expression in Experiment 2
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Figure 4.5.6b NF-kB pathway gene expression Experiment 21

1

WBC mRNA abundance of NF-kB gene expression in Experiment 2
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Figure 4.3.4a Sequences of the real-time RT-PCR products (5’-3’ orientation) of the
target genes in the prolactin pathway. Within a sequence, underlined
nucleotides indicate the forward and reverse primer positions,
respectively.
CISH:
GGTCTTGACGGACAGTGTGAACAGGTAGCTGGGGTGGGTGCTGTCACGTACC
AGGAAGGTGCCCTCTGGCATCTTCTGAAGGTGTTGCCGGGCCTCACTGGCCGT
AATGGAACCCCAGTACCAGCCAGATTCCCGAAGGTAGGAGAAGGTCTTGGCT
ATGCACAGCAGGTCCTCCTCGGGGTCCACCACCTTGGGCTCCCTCTCTGGCTG
GGCTGGGGACTCCTCTACTGCCTCCTCCAGGAAGGCGCCAGCAGACAAAGGC
TGCATAACTTGCTGGGGCAGCTC
IRF1:
TGGGCCCCAGGTTCATTAAGCAGATACCCCTTCCCATCCACGCTTGTCTGCTG
CCACCCTGTTTGCTCCAAGAGCTTCATGATGTCCTCAGTTAATTTCCCTTCCTC
GTCCTCATCTGTTGCAGCTTCAGAGGTGGAGGGCATGGGCGACACCTGAAAG
TTGTACAGGTCGCTGGTGCTGTCTGGCACAATTTCCACCGGAATGGACCAGTT
AGGGAGAGTGCTACTGACGCCACACGGTGACAGCGCTGGAGTGAGAGTCCGT
TCGATGTCCAGGTCCTGCCCCATGTAGCTGCGAACTGTGTAGTTGCTGTGGTC
ATCAGGCAGGGTGGAGCTACTGAGTCCATCAGAGAAGGTATCGGGGCTGTAT
TCCCCATA
SOCS2:
TGTCCGCTTATCCTTGCACATCTGAACATAGTAGTCGATCAGATGAACCACAC
TGTCAAATTGTTTAAGCTTGGACTTGACACATATGATAGAGTCCAATCTAAAT
TTCCCATCTTGGTATTCGATGCGAAGATTAGTTGGTCCAGCTGATGTCTTAAC
AGATATTGTTAGTAGGTAGTCTGAATGCGAACTATCTCTAATCAAGAAAGTTC
CTTCTGGTGCCTCTTTTAACTTCTCTTTGGCTTCATTAACAGTCATACTTCCCC
AGTACCAACCTGTGTGACTGAGTTCCCG
SOCS3:
CGCTCTGGAGAGAGAAGCTGCCCCCCTCGCACTGGATGCGCAGGTTCTTGGT
CCCCGACTGGGTCTTGACGCTGAGGGTGAAAAAGTGGCGCTGGTCCGAGCTG
TCGCGGATGAGGAAGGTGCCCGCGGGCTCGGCGCTCAGCAGCAAGTTCGCTT
CGCCGCCCGTCACGGTGCTCCAGTAAAAGCCGCTCTCCTGCAGCTTGCGCACT
GCGTTCACCACCAGCTGGTACTCGCTCTTGGAGCTGAAGGTCTTGAGGCGCA
GGCTGGTGTCCAGGGGGCGGCTCATCCCGGCGGCGGGAAACTTGCTGTGGGT
GACCA
STAT5A:
CTCTGCCGGGGGTAAAGAGACCAGTGGGCGGGGGGAGAGAGGGCTCCAGAC
TGTCCATTGGGCGGCGGAGGAGTTCTTCCACGTGCCGGGCCACATCCATGGT
CTCGTCCAGGTCGAATTCTCCATCCTGGTCGAGCACCGGGTCAGGGTTCTGTG
GGTACATGTTATAGTGAGGCTGGGGGCACACGGCTGGGGAAGGAGCCTGGTC
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CATGTAGGTGGCGTTGCTTCCAGCAGAGTCTGCAGAGGCGCTCACAAACTCA
GGGACCACTTGCTTGATCTGTGGCTTCACGTATCCG
STAT5B:
CCACTGACTGTCCATGGGTCGGCCTAGGAGCTCCTCCACACGCCGCGCCACG
TCAATCGTGTCGTCCAGATCGAAGTCACCATCGTTGTCAAGGACGGGGTCGG
GGTTCTGTGGGTACATGTTATAGTGAGGCTGGGGGCACACGGCTGGGGAGGG
AGCCTGGTCCATGTAGGTGGCACTGCCGCCGGCAGAGTCTGCAGAGGCGCTC
ACAAACTCAGGGACCACCTGCTTGATCTGTGG
PPIB:
GCTTGAAGTTCTCATCGGGGAAGCGTTCACCGTAGATGCTCTTACCTCCAGTG
CCGTCTCCCCGGGTGAAATCTCCACCCTGGATCATGAAGTCCTTGATCACACG
ATGGAATTTGCTGTCTTTGTAGCCAAATCCTTTCTCTCCTGTAGCCAAGGCCA
CAAAATTATCCACTGTTTTTGGAACAGTCTTTCCAAAGAGACCGATGACCACC
CGGCCTATATCTTCATCTCCAATTCGCAGGTCAAAGTACACCT
AGAP2:
CACGCAGATTGAGTTCCCCTTGGCATTCCGGATCGCCTGGATGGCCACGGCTT
CGCTTTGGCTGTCTGTGCGCAGCTTGACCTTGCTGCTCTCACAGCACTGGAGA
CTGGCTAGGATCTGACTTTCGATGGCCTGAACCCAGGCGTCCCGCTCCTCAAA
ACTGGCTGCCTCAAAGTGCCATGTCTGACCAGTGCTGGACACGATCAGGAAC
TCGAAGTTTTCTTCTGCTTTATAAATATTTCTTAAACTACCAAAGGATTTTAGT
TTCCACATTTTGCGCTTGGC
LPRLR:
GGAGTCAGAAGGCTGCAGTTCCAAGCCTGACCAAGACACGGTGTGGCCACG
ACCCCAAGACAAAACCCCCTTGATCTCTGCTAAACCCTTGGAATACGTGGAG
ATCCACAAGGTCAGCCAAGATGGAGTGCTGGCTCTGTTCCCAAAACAAAACG
AGAAGTTTGGCGCCCCTGAAGCCAGCAAGGAGTACTCAAAGGTGTCCCGGGT
GACAGATAGCAACATCCTGGTATTGGTGCCGGATCCGCAAGCGCAAAACCTG
ACTCTGT
SPRLR:
TAGACACAAGGCGAGAAGGCTGTGATATCTCCAGCAGATGAACATCAAATCC
TTTTATTTTTGGCCCTGGAACTGGTGGGAGGATGCAGGTCACCATGCTATAGC
CCTTCAAAGCCACTGCCCAGACCATAATCAAACAGATGACAGCAGAAAGGAT
GGCCACAAAGATCCACATGCTTGTGTCCTTCACTGGGAAGTCATTAGGTATCT
GGATGGAGCTCTCTGGGCTCCACTCACTCCAGTATCCATGGTCTGGCTTGCAG
CGAATCTGCACAA
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Figure 4.3.4b Sequences of the real-time RT-PCR products (5’-3’ orientation) of the
target genes in the NF-kB pathway. Within a sequence, underlined
nucleotides indicate the forward and reverse primer positions,
respectively.
IL-8:
CCAATGGAAACGAGGTCTGCTTAAACCCCAAGGAAAAGTGGGTGCAGAAGG
TTGTGCAGGTATTTGTGAAGAGAGCTGAGAAGCAAGATCCATGAAAAAGAA
AAAACCACCAAAAATCCTTTTTCCATTGCTTCTAAGAATTCCTCAGTAAAGAT
GCCAATGAAACTTCAAAACAAATCTACTTCAGTGCCTCATGTTCTGTGTG
TNFa:
AAGTAACAAGCCGGTAGCCCACGTTGTAGCCGACATCAACTCTCCGGGGCAG
CTCCGGTGGTGGGACTCGTATGCCAATGCCCTCATGGCCAACGGTGTGAAGC
TGGAAGACAACCAGCTGGTGGTGCCTGCTGACGGGCTTTACCTCATCTACTCA
CAGGTCCTCTTCAGGGGCCAAGGCTGCCCTTCCACCCCCTTGTTCCTCACCCA
CACCATCAGCCGCATTGCAGTCTCCTACCAGACCAAGGTCAACATCCTGTCTG
CCATCAAGAGCCCTTGCCACAGGGAGACCCCAGAGTGGGCTGAGGCCAAGC
CCTGGTATGAACCCATCTACCAGGGAGGAGTCTTCCAGCTGGAGAAGGGAGA
TCGCCTCAGT
RELA:
TGTATTTCACGGGACCAGGCTGGGAGGCCCGAGGCTCTTTTTCACAAGCTGA
CGTGCACCGGCAAGTGGCCATCGTGTTCCGGACGCCGCCCTACGCGGACCCC
GGCCTGCAGGCCCCTGTGCGCGTCTCCATGCAGCTGCGGCGGCCTTCCGATC
GGGAGCTCAGTGAGCCCATGGAATTCCAGTACTTGCCAGACACAGACGATCG
TCACCGGATTGAGGAGAAGCGCAAAAGGACGTACGAGACCTTCAAGAGCAT
CATGAAAAAGAGCCCTTTCAATGGACCCACCGACCCCCGGCCTCCAACCCGG
CGCATCGCTGTGCCTAACCGCGGCTCAGCCTCCATCCCCAAGCCAGCTCCCCA
GCCCTATTCCTTTACGCCATCTCTCAGCACC
NFKB1:
CCCCACGTATGGCGGAATTACCTTCCATACTGGAACCACTAAATCTAATGCTG
GGATGAAGCATGGAACCATAGACACCCCATCTAAAAATGACCCTGAAAGTTG
TGGCAAGAGTGATGACAGAGAGGTTGTAAATCTCTCTGAGCAAGTAACAGAA
ACCACAGAACAAGATGGAGGATCCTGCAAGAGGGGCACTGCAGCTAACCTG
ACGTGCTCCGTAGGAGTAAAGGAAGAGAACCGCAGCTTCCAGGATAACCTCT
TTCTGGAGAAGGCTATGCAGCTGGCCAAGCAGCACGCCAACGCCCTCTTTGA
CTACGCAGTGACAGGAGACGTGAA
IKBKG:
TCCACTGTGTGAGATGGTGCAGCCGAGTGGCAGTCCGGCAGGGGACCAGGAC
ATGCTGGGTGAAGAGTCTTCTCTGGGGAAGCCAGCCATGCTCCACGTGCCTTC
AGAGCAGGGCACCCCTGAGACCTTCCAGCGCTGTCTGGAGGAGAATCAAGA
GCTCCGAGACGCCATCCGCCAGAGCAACCAGATGCTGCGCGAGCGCTGTGAG
GAGCTGCAGCATTTCCAGGGCAACCAGAGGGAGGAGAAGGCCTTCCTCATGC
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AGAAGTTCCAGGAGGCCCGGGACTTGGTGGTGAGGCTGAGCCTGGAGAAGC
GTGAACTGCGCCAGCAGAGGGAGCAGGCCCTGAAGGAGGTGGAGCGCCTGA
AGACGTGCCAGCAGCAGATGGCTGAGGACAAG
NFKBIA:
TGCAGGCCACCAACTACAATGGCCACACGTGTCTGCACTTGGCCTCTATTCAT
GGCTACCTGGGCATCGTGGAGCTGTTGGTGTCCTTGGGCGCTGATGTCAACGC
TCAGGAGCCCTGCAATGGCCGAACTGCCCTCCATCTGGCAGTGGACCTGCAG
AATCCCGACCTGGTGTCACTCCTATTGAAGTGTGGGGCTGATGTCAACAGAG
TCACCTACCAGGGCTACTCCCCGTACCAGCTCACGTGGGGCCGCCCCAGCAC
CCGGATACAGCAGCAGCTGGGCCAGCTGACCCTAGAGAACCTTCAGACACTG
CCG
TRAF6:
TACTCCGTGGCTGAAAACCCTCCCTCCGAAGACTGCCCATGTCGAAGCGGGT
GGAGACCTCACAGCGTACTAATAACGTGTCATCCTTGATGAAGGTTCTTTGTC
TGAGGGCTTCCAGATGCATAAAAGTCACGTAGCCAAAACCCTTGGGGTTCCG
GGGGATGGTGGGTCTCTGAAAGGCCAGGAGCTCTGGTTTGGCGTCCATTATTT
CTTCGTGGTTTTGCCTCACAGCTG
TLR4:
CAACCAAGATGCTGGACCTGAGCTTTAACTACCTGAGACATTTAGGCAGCCA
TAACTTCCTCCAGCTTCCCCAGAACTGCAAGTGCTGGATTTATCCAGATGTGA
AATTAAGATTATTGAAGACGACACATTTCAGGGCCTAAACCACCTCTCCACCT
TGATACTGACGGGAAACCCTATCCAGAGTTTAGCCTGGGGAGCCTTTT
ZAP70:
CGTCGCGAAGGTTGTCAAATACCCCGGGCTGCGGCTCGAGCCCCGACGGCCG
GTTGCACGGCTTGCGCAGGTTGCAGGGCAGCCCGTCGGGGTCGCGTGAATAG
AACTCGCAGAGCTCAGCCGGGCCGCAGTGCGCCTTTCCTCCCGCGATAGCGT
AGGTGCCGTTGAGCTGGCGCTCGATGGGGAAGTGGTGGAAGCGCACTTCGTG
CACGAGCGACAGCACATAGCCGCCCAGCGAGCGCAGGCACTGCCGCAGCAG
GAAGAGCCCGTCGGCCATGCCCGCCAGCTTCAGGTGCTCCTCGGCCTCGGCG
CGCGAGATGCTGCCGTAGAAGA
LCK:
CGCTTTGGCCACAAAGTTGAAGGGGATGAAACCTTCCTGGCCCGTGGTCAGG
GACTGCGCCTTCCACCACTCGCCGTTCTGCTCCAGGATACGGAGCTGTTCACC
CTTCTCGAAGCCCAGGTCTCCGTCGTGAGAAGGCTCATAGCTGTGCAGGGCG
ATAACCAGGTTGTCTTGCAGTGGAGAAGCTGGGGGGTTGGATCCCTCGTAGG
TGACCAGTGGATCACGCACTTCAGAGCCATTCCGCATGGGCAGCGTGGTCTT
GCCATCCAGTGG
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Figure 4.3.4c Sequences of the real-time RT-PCR products (5’-3’ orientation) of the
candidate calibration genes. Within a sequence, underlined nucleotides
indicate the forward and reverse primer positions, respectively.
SDHA:
CGTAGGAGAGCGTGTGCTTCCTCCAGTGCTGCTCAAAGGGCTTCTTCTGCTGC
CCCTGGATGGGCTTGGAGTAATCGTACTCGTCAACCCTCTCCTTGAAGTCCTC
CCTGGCGTGGGCGCCGCGCGACTCCTtCCGGGCCTCCGCTCCGTAGATGGTCT
GCAGAGCACAAAGCATCAGGTTCTGC
UBC:
TAGGGGTGGGTTAGAGTTCAAGGTTTTTGTTCTACCAGATGTTTTAGTAGTAA
TCTGGAGGTAAGAAATGTCAAGAAAACATGGCCTTAATTAGAACTGTAGTGG
GTGAGTATAAATAAAAAATTTGGAGGTTGTAGTTAGAATTCTCCATATGTAC
ACTCATATGTAGATCTACTTATAAGCTACTGATTTTTAAAAGCACACGTTTGG
GAGTTGTGCTTAAGAGTGGGAAAGTTTCTGGAATACCAGCAGGGAGGT
YWHAZ:
TTGATCCCCAACGCTTCACAAGCAGAGAGCAAAGTCTTCTATTTGAAAATGA
AGGAGACTACTACCGCTACTTGGCTGAGGTTGCAGCTGGTGATGACAAGAAA
GGGATTGTGGACCAGTCACAGCAAGCATACCAAGAAGCTTTGAAATCAGCAA
AAAGGAAATGCAACCAACACATCCTATCAGACTGGGTCTGGCCCTTAACT
GAPDH:
ACATCAATGGGGTGATGCTGGTGCTGAGTATGTGGTGGAGTCCACTGGGGTC
TTCACTACCATGGAGAAGGCTGGGGCTCACTTGAAGGGTGGCGCCAAGAGGG
TCATCATCTCTGCACCTTCTGCCGATGCCCCCATGTTGTGATGGGCGTGAACC
ACGAGAAGTATAACAACACCCTCAAGATTGTCAGCAATGCC
HPRT1:
GCCAGCCGGCTACGTTATGGCGGCCCGCAGCCCCAGCGTGGTGATTAGCGAT
GATGAACCAGGTTATGACCTAAATTTATTTTGTATACCCAATCATTATGCTGA
GGATTTGGAGAAGGTGTTTATTCCTCATGGACTAATTATGGACAGGACCGAA
CGGCTGGCTCGAGATGTGATGAAGGAGATGGGTGGCCATCACATTGTGGCCC
TCTGTGTGCTCAAGGGGGGCTATAAGTTCTTTGCCGACCTGTTGGAT
ACTB:
GAGCGGGAAATCGTCCGTGACATCAAGGAGAAGCTCTGCTACGTGGCCCTGG
ACTTCGAGCAGGAGATGGCCACCGCGGCCTCCAGCTCCTCCCTGGAGAAGAG
CTACGAGCTTCCTGACGGGCAGGTCATCACCATCGGCAATGAGCGGTTCCGC
TGCCCTGAGGCTCTCTTCCAGCCTTCCTTCCTGGGCATGGAATCCTGCGGCAT
TCACGAAACTACCTTCAATTCCATCATGAAGTGTGACGTCGACATCCGCAAG
GACCTCTACACCAACAC

100

PPIA:
GGCAAGTCCAATTATGGCGAGAAATTTGATGATGAGAATTTCATTTTGAAGC
ATACAGGTCCTGGCATCTTGTCCATGGCAAATGCTGGCCCCAACACAAATGG
TTCCCAGTTTTTCATTTGCACTGCCAAGACTGAGTGGTTGGATGGCAAGCACG
TGGTCTTTGGCAAG
GTGAAAGAGGGCATGAATATTGTGGAAGCCATGGAGCGCTTTGGGTCCAGGA
ATGGCAAGACCAGCAA
TBP:
CCGCTGTTTCTTGGTGTGCACAAAGATAACCCACAGAGCCGAGCAAGTCGCC
AAGAATAGTGTGCTGGGGATGCTCTAGGAAAAGACTGAATGCTGAGGCAATT
TCCAGTCCAGAGGTTTTTGATTTGCCAAGAAGGTGAACGTCATGGATCAGAA
CAACAGCCTCCCACCCTATGCCCAGGGCCTGGCCTCCCCTCAGGGTGCCATG
ACTCCTGGAATCCCTATCTTTAGTCCAATGATGCCTTACGGCA
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APPENDICES
4.7

APPENDIX 1. PROC GLM SAS CODE

Analysis of mRNA expression of DM in forage samples of toxic endophyte-infected tall
fescue (Chapter 5)
1. Example of SAS programming language using the PROC GLM procedure
PROC GLM data=Month plots=all;
class Trt;
model DM CP TDN ADF NDF NEG Ca P Mg K Na Fe Zn Cu Mn Mb Se Ergovaline
Ergovalanine TotalEA =Trt/ss3;
lsmeans Trt/pdiff lines;
lsmeans Trt/stderr;
RUN; QUIT;
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4.8

APPENDIX 2. PROC MIXED SAS CODE

Analysis of mRNA expression of prolactin pathway CISH in WBC tissue of steers grazing toxic
endophyte-infected tall fescue and supplemented with ad libitum Se in vitamin-mineral mixes as
either ISe, or MIX (Chapter 4)
1. Example of SAS programming language using the PROC MIXED procedure
proc mixed data=WORK.EXP1_PASTURE;
class trt Day;
model
CISH = trt Day trt * Day ;
Repeated Day / subject=ID type=ar (1);
Contrast 'Day' Day 1 -1 ;
run; quit;
Model Information
Data Set

WORK.EXP1_PASTURE

Dependent Variable

CISH

Covariance Structure

Autoregressive

Subject Effect

ID

Estimation Method

REML

Residual Variance Method

Profile

Fixed Effects SE Method

Model-Based

Degrees of Freedom Method

Between-Within

Class Level Information
Class

Levels

Values

trt

2

ISe MIX

Day

2

0 84

Dimensions
Covariance Parameters

2

Columns in X

9

Columns in Z

0

Subjects
Max Obs per Subject

16
1

104

Number of Observations
Number of Observations Read

26

Number of Observations Used

16

Number of Observations Not Used

10

Iteration History
Iteration

Evaluations

-2 Res Log Like

0

1

18.79541322

1

1

18.79541322

Criterion

0.00000000

Covariance Parameter
Estimates
Cov Parm

Subject

AR(1)

ID

Estimate
0

Residual

0.1766
Fit Statistics

-2 Res Log Likelihood

18.8

AIC (Smaller is Better)

22.8

AICC (Smaller is Better)

24.1

BIC (Smaller is Better)

24.3

Null Model Likelihood Ratio
Test
DF

Chi-Square

Pr > ChiSq

1

0.00

1.0000

Type 3 Tests of Fixed Effects
Num
DF

Den
DF

F Value

Pr > F

trt

1

12

0.94

0.3519

Day

1

12

11.89

0.0048

trt*Day

1

12

0.01

0.9421

Effect

Contrasts
Label
day

Num
DF

Den
DF

F Value

Pr > F

1

12

11.89

0.0048
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APPENDIX 3. PROC GLIMMIX SAS CODE

Analysis of mRNA expression of CISH in WBC tissue of steers grazing toxic endophyteinfected tall fescue and supplemented with ad libitum Se in vitamin-mineral mixes as
either ISe or MIX (Chapter 4)
1. Example of SAS programming language using the PROC GLIMMIX procedure
proc glimmix data = WORK.EXP1_PASTURE;
class trt Day;
model CISH = trt |Day/ddfm=kr;
random Day/sub= CISH
(trt) type=ar(1) residual;
lsmeans trt Day/pdiff lines;
run; quit;
Model Information
Data Set

WORK.EXP1_PASTURE

Response Variable

CISH

Response Distribution

Gaussian

Link Function

Identity

Variance Function

Default

Variance Matrix Blocked By

CISH(trt)

Estimation Technique

Restricted Maximum Likelihood

Degrees of Freedom Method

Kenward-Roger

Fixed Effects SE Adjustment

Kenward-Roger

Class Level Information
Class

Levels

Values

trt

2

ISe MIX

Day

2

0 84

Number of Observations Read

26

Number of Observations Used

16
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Dimensions
R-side Cov. Parameters

2

Columns in X

9

Columns in Z per Subject

0

Subjects (Blocks in V)

16

Max Obs per Subject

1

Optimization Information
Optimization Technique

Dual Quasi-Newton

Parameters in Optimization

1

Lower Boundaries

1

Upper Boundaries

1

Fixed Effects

Profiled

Residual Variance

Profiled

Starting From

Data

Iteration History
Iteration

Restarts

Evaluations

Objective
Function

Change

Max
Gradient

0

0

4

18.795413222

.

0

Convergence criterion
(ABSGCONV=0.00001) satisfied.
Fit Statistics
-2 Res Log Likelihood

18.80

AIC (smaller is better)

22.80

AICC (smaller is better)

24.13

BIC (smaller is better)

24.34

CAIC (smaller is better)

26.34

HQIC (smaller is better)

22.87

Generalized Chi-Square

2.12

Gener. Chi-Square / DF

0.18
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Covariance Parameter Estimates
Cov Parm

Subject

AR(1)

CISH(trt)

Estimate

Standard
Error

0

.

0.1766

0.07211

Residual

Type III Tests of Fixed Effects
Num
DF

Den
DF

F Value

Pr > F

trt

1

12

0.94

0.3519

Day

1

12

11.89

0.0048

trt*Day

1

12

0.01

0.9421

Effect

trt Least Squares Means
Estimate

Standard
Error

DF

t Value

Pr > |t|

ISe

1.4276

0.1486

12

9.61

<.0001

MIX

1.2240

0.1486

12

8.24

<.0001

trt

Differences of trt Least Squares Means
trt

trt

ISe

MIX

Estimate

Standard
Error

DF

t Value

Pr > |t|

0.2035

0.2101

12

0.97

0.3519

T Grouping for trt Least Squares Means
(Alpha=0.05)
LS-means with the same letter are not
significantly different.
trt
ISe

Estimate
1.4276

A
A

MIX

1.2240

A

108

Day Least Squares Means
Estimate

Standard
Error

DF

t Value

Pr > |t|

0

0.9634

0.1486

12

6.48

<.0001

84

1.6881

0.1486

12

11.36

<.0001

Day

Differences of Day Least Squares Means
Day

Day

0

84

Estimate

Standard
Error

DF

t Value

Pr > |t|

-0.7247

0.2101

12

-3.45

0.0048

T Grouping for Day Least Squares Means
(Alpha=0.05)
LS-means with the same letter are not
significantly different.
Day

Estimate

84

1.6881

A

0

0.9634

B
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